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miON 1 
FOREWORD 


This technical report covers the work performed by Honeywell 
Electro-Optics Operations, Lexington, Massachusetts from December 18, 1978 to 
February 17, 1982 under the NASA sponsored program entitled "Defect Chemistry 
and Characterization of (Hg,Cd)Te" on Contract NAS8-33245. The objective of 
this program is to study and formalize the defect chemistry of (Hg,Cd)Te and to 
evaluate and select characterization methods for the material. 

The principal investigator is Dr. H. R. Vydyanath, providing the 
overall technical direction for the program. Technical assistance during the 
various phases of the program has been provided by D. A. Nelson, J. C. Donovan, 
P. Crickard, A. Barnes, and R. C. Abbott. R. A. Lancaster and D. A. Nelson 
generously furnished all the crystals required for the program. 


SECTION 2 
INTRODUCTION 


Hgi-xCdxTe is a variable bandgap alloy semiconductor extensively 
used for infrared applications. Detector performance close to the theoretical 
limits imposed by infrared imaging systems requires extreme control for compo- 
sitional uniformity, carrier concentration, and carrier lifetime. The program 
deals with the study of the nature and concentration of the lattice defects 
incorporated into Hg^.xCdxTe alloys as a function of the physiochemical 
conditions of preparation; namely, the temperature, the partial pressures of 
the constituent elements, and/or the concentration or the activity of the 
dopant being incorporated. 

Undoped, donor-doped, and acceptor-doped Hgi.^CdxTe samples are 
annealed at various temperatures in suitable Hg atmospheres. The samples are 
quenched to room temperature from the high temperatures. Hall effect and 

resistivity measurements are carried out at 77 K to determine th^ carrier con- 
centrations and mobilities. The variation of the carrier concentrations as a 
function of the partial pressure of Hg and/or the dopant concentration is used 
to arrive at defect models for the doped and the undoped crystals. 

At the end of the 36 month period of the program, significant accom- 
plishments have been made toward understanding the nature of lattice defects 
and the mode of incorporation of different dopants. For the first time in 
literature, the defect structures of undoped Hgo. 6 Cdo. 4 Te (s) undoped, 
copper doped, indium doped, iodine doped, and phosphorus doped Hgo. 8 Cdo. 2 Tc 
(s) have all been established. The native acceptor defects have been found to 
be doubly ionized both Hg 0 .eCd 0 . 4 Te (s) and Hgo.eCdo.zTe (s). Native 
donor defects are found to be negligible in concentration in these alloys and 
the origin of p-type to n-type conversion has been shown to be due to residual 
foreign donors and not due to native donor defects. 
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Of the dopants studied, copper and indium have been found to occupy 
only Hg lattice sites acting with single acceptor and donor electrical activi- 
ties respectively, whereas iodine is found to act as a single donor occupying 
only Te lattice sites. A large concentration of indium is found to be incor- 
porated as In2le3 with only a small fraction acting as donors. Crystals doped 
with iodine are found to be saturated with the metal iodide with a large frac- 
tion of iodine being paired with the native acceptor defects. Results on 
crystals doped with phosphorus indicate that phosphorus behaves amphoterical ly * 

acting as a donor on Hg lattice sites and as an acceptor interstitially on Te 
lattice sites. Thermodynamic constants have been established for the incorpor- 
ation of the native defects as well as the different dooants. These constants 
satisfactorily explain all the experimental results. 


The following presentations and publications have resulted from the 

work performed throughout the duration of this program 

1. H. R. Vydyanath, D. A. Nelson, et al, ''(Hgi.x^^x)^® Material Studies," 
Proceedings of the IRIS Detector Specialty Group Meeting, Minneapolis, MN, 
15-17 June 1979, p. 29, 

2. H. R, Vydyanath, D. A. Nelson, and R. A. Lancaster, "Defect Chemistry and 
Characterization of (Hgi.^Cdx)Te," J, of Electrochem. Soc. 126, 371C 
(1979). 

3. H. R. Vydyanath, "Defect Studies in Hgg.eCd 0.2^6," Presented at the 
Conference on the "Crystal Growth and Charact*erization of II-VI Com- 
pounds," University of Lancaster, U. K., 14-16 April 1980, 

4. H. R. Vydyanath, "Lattice Defects in Semiconducting Hgi.yCdxTe 

Alloys," I-Defect Structure of Undoped and Copper Doped Hgo.8Cdo.2Te, 
J. Electrochem. Soc. 128 , 2609 (1981). 

5. H. R. Vydyanath, "Lattice Defects in Semiconducting Hgi.^CdxTe 

Alloys," II-Defect Structure of Indium Doped Hgo gCdo 2Te, J, Electro- 
chem. Soc. 128 , 2619 (1981). 

6. H. R. Vydyanath, J. C. Donovan, and 0. A. Nelson, "Lattice Defects in 

Semiconducting Hg^.xCdxTe Alloys," Ill-Defect Structure of Undoped 
Hgo.6Cdo.4Te, J. Electrochem. Soc. 128 , 2625 (1981). 

7. H. R. Vydyanath, D. A. Nelson, J, C. Donovan, P. Crickard, and R. C. 

Abbott, "Role of Lattice Defects in Undoped and Doped Hg^.xCdxTe 
Alloys," HCT Workshop, Minneapolis, MN, 28-30 October 1981. 
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8 . H. R. Vydyanath, D. A. Nelson, R. C. Abbott, J. C. Donovan, and P. 

Crickard, "Point Defects In Undoped and Doped Alloys," 

Materials Research Society Annual Meeting, Boston, MA, 16-19 November 
1981. 

9. H. R. Vydyanath and F. A. Kroger, "Doping Behavior of Iodine in 
Hgo. sCd 0 , 2 ^ 6 »“ Electronic Materials, Jl, 111 (1982), 

10. H. R. Vydyanath and R. C, Abbott, "Mode of Incorporation of Phosphorus in 
Hgo.eCd 0 . 2 ^ 61 “ (Submitted to Appl. Phys. November 1981). 



SECTION 3 
TECHNICAL DETAILS 


Hall effect and electrical resistivity measurements were the main 
tools utilized in characterizing the defects in the present program. The 
variation in the carrier concentration and carrier mobility in the crystals-- 
cooled to room temperature subsequent to anneals at high temperatu'^es under 
different partial pressures of Hg— was used to arrive at defect models in the 
undoped as well as the doped crystals. This section, dealing with the work 
performed from December 18, 1978 to February 17, 1982, presents the technical 
details of the work in the form of five papers which were submitted for publi- 
cation in scientific literature. Of these, four have already been published in 
the journals of Electrochemical Society and Electronic Materials. The fifth 
one has been submitted to the Journal of Applied Physics and has not yet been 
published. The details of the publications; the titles, the authors' names, 
the name of the journal and the page numbers are furnished below. 

1. H. R. Vydyanath, "Lattice Defects in Semiconducting Hgu^Cd^Te 

Alloys," I-Defect Structure of Undoped and Copper Doped Hgo eCdo a^e, 

J. Electrochem. Soc. 128 , 2609 (1981). 

2. H. R. Vydyanath, "Lattice Defects in Semiconducting Hgi.j^Cd^Te 

Alloys," II-Defect Structure of Indium Doped Hgo.eCdo 2 ^ 6 * J. Electro- 

chem. Soc. 128 , 2619 (1981). 

3. H. R. Vydyanath, J. C. Donovan, and D. A. Nelson, "Lattice Defects in 
Semiconducting Hgi.^Cd^Te Alloys," Ill-Defect Structure of Undoped 
Hgo sCdp uTe," J. Electrochem. Soc. 128 , 2625 (1981), 

4. H. R. Vydyanath and F. A. Kroger, "Doping Behavior of Iodine in 
Hgo . 2 ^ 6 *" Electronic Materials, 21 m (1982). 

5. H. R. Vydyanath and R. C. Abbott, "Mode of Incorporation of Phosphorus in 
^90 .eCdo . 2 ^ 6 ," (Submitted to J. ^^pl . Phys. November 1981). 

The oapers describe the background material, the experimental details 
and the analyses of the data. Defect models for undoped Hgo, 8 Cdo. 2 ^® 

Hgo .e^do ^ 4 Te, as well as for copper, indium, iodine and phosphorus doped 
Hgo. 8 Cdo. 2 Te have been proposed. Thermodynamic constants for the incorpor- 
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atlon of the native defects, dopant defects and the intrinsic excitation 
process have all been arrived at. These constants satisfactorily explain the 
experimental results in the undoped as well as the doped crystals. 
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Lattice Defects in Semiconducting Hg.-XdxTe Alloys 

I. Defect StrHCture of Undoped and Copper Doped Hg^^Cd^^Te 

H. R. VydyanaHi* 

Honeywell £lectro-Optic* Center. Lexington, Mauachuutt* 02173 


ABSTRACT 

Undoped HgosCdo.jTe crystals were subjected to high temperature equil* 
ibration at temperatures ranging from 400* to 6>t5*C in various He atmo- 
spheres. Hall effect and mobility measurements were carried out on the crys- 
tals quenched to room temperature subsequent to the high temperature 
equilibration. The variation of the hole concentration in the cooled crystals 
at 77 K as a function of the partial pressure of Hg at the equilibration tem- 
peratures, together with a comparison of the hole mobility in th> ur doped 
samples with that in the copper-doped samples, has yielded a defect nu>del for 
the undoped HgosCdo. 2 Te crystals, according to which, the undoped crystals 
are essentially intrinsic at the equilibration temperatures and the native 
acceptor defects are doubly ionized. Native donor defects appear tr be negli- 
gible in concentration, implying that the p-to-n conversion in these alloys is 
mainly due to residual foreign donor impurities. The thermodynamic con- 
stants for the intrinsic excitation process as well as for the incorporation of 
the doubly ionized native acceptor defects in the undoped crystals have been 
arrived at. Copper appears to be incorporated on metal lattice sites acting as 
a single acceptor with little compensation. Results on th' heavily copper- 
doped samples indicate that the quench from the equilibra. n temperatures 
was imperfect resulting in a large fraction of the copper pri pitating during 
the quench. From results of experiments where the coolink rate from the 
equilibration temperatures was intentionally varied in the undoped samples, a 
qualitative correlation was established between the quenching efficiency and 
the presence of macroscopic defects such as voids and inclusions in the 
samples. 


The importance of the pseudobinary semiconducting 
Hgi-xCdiTe alloys as a useful infrared detector mate- 
rial has long been recognized (1, 2). The bandgap of 
these alloys is variable depending on the proportions 
of HgTe and CdTe present in them; the variable band- 
gap makes these alloys suitable for infrared detector 
applications over a wide spectral range. 

Considerable deviations from stoichiometry arise in 
these alloys prepared at elevated temperatures; these 
deviations result in electrically active point defects 
which in turn influence the carrier concentration and 
the lifetime in the material. Very little information 
exists on the systematic investigation of the nature of 
defects and the variation of the concentra on of these 
defects in these alloys as a function of the physico- 
chemical conditions of preparation. In fact, much dis- 
agreement prevails regarding the origin of p-type to 
n-type conversion in these alloys (2-5). 

As part of a program aimed at investigating the de- 
fect structure of the undoped Hgi iCdjTe alloys as 
well as the mode of incorporation of dopants, the pres- 
ent paper reports on the study of the undoped and 
copper -doped Hgo nCdo.jTe. 

Based on the results of Hall effect and mobility 
measurements on the undoped and copper-doped crys- 
tals quenched to room temperature subsequent to high 

* Electrochemicsl Society Active Member. 

Key words, lattice, defects, copper doplnf, Hgi-«Cd<Te, hole 
moblUty, semiconductors 


temperature equilibration, defect models for the un- 
doped and copper-doped Hgo.sCdo.sTe have been ar- 
rived at. Thermodynamic constants for the intrinsic 
excitation constant and the incorporation of the native 
acceptor defects have been evaluated. These constants 
satisfactorily explain the electrical data in the undoped 
as well as the copper- doped crystals. 

Experimental 

Starting material. — The compositional uniformity of 
the Hgi-iCdrTe alloy samples used in the investigation 
was X = 0.2 ± 0.005. Most of the experiments were 
carried out with starting material that was free of 
macroscopic defects such as precipitates, pores, and 
Hg or Te inclusions; in a few experiments where the 
intent was to establish the effect of macroscopic defects 
on the efficiency of quenching the high temperature 
equilibrium, material with a relatively high density 
of voids and inclusions was used. In order to assure 
ourselves that equilibrium was attained at tempera- 
tures as low as ' :')*-460*C within reasonable annealing 
periods (2-3 weeks) , and also to increase the efflcienry 
of quenching the high temperature equilibrium, the 
thickness of rr''3t of the HgoiCdojTe samples used in 
the present investigation was restricted to 0.04 cm. 
The residual donor or acceptor concentration in the 
starting undoped HgusCdotTe material was = 10>* 
cm"^ 
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Copper doping.- -Doping to different concentretloni 
of copper wM obtained by evaporating varioiu amounta 
of copper on to the aurface of the undoped samplei and 
■ubaequently diffuaing in the copper in a known atmo- 
iphere of Hg. Copper concentration obtained in the 
doped aampies waa determined by atomic abaorptlon 
anidyaia carried out by Photometrica, Incorporated, 
Lexington, Macuchuaettc. 

It ia to be noted that the aamplea uaed for copper 
diflusiona at temperaturea below 400*C had been pro- 
vioualy annealed at 260*C for aeveral montha in order 
to reduce the native acceptor defect concentration to 
leaa than 10‘* cm~*. Since copper haa a high diOuaivity 
in Hgi-iCdiTe alloya (6-7), diffuaion timea oi 6-8 
weeks were found adequate for uniform doping of aam- 
plea (0.04 cm thick) at temperaturea below 400*C; uni- 
form doping at theae temperaturea was confirmed by 
sequentially lapping away the material from both sidea 
of the aampies and making certain that the hole con- 
centrations did not change. 

High temperature annealing. — ^Prior to the anneals, 
crystals were cleaned in organic solvents followed by 
a Br-methanol etch and a rinse in DI water. An- 
nealing experiments in various partial preuuree of Hg 
were carried out in evacuated quartz ampuls contain- 
ing a small amount of Hg also, to obtain the desired 
Hg vapor pressure. In those experiments where the de- 
sired Hg pressure was high enough, an isothermal setup 
was used where the free Hg and the Hgo.iCdo.iTe 
samples were kept at the same temperature; the vapor 
pressure of Hg in such a setup depended on the amount 
of free Hg in the ampul and the volume of the ampul. 
In experiments where the desired Hg pressure was 
low a two-temperature zone setup was used; the 
Hgo.sCdo 2 Te crystals were kept at the higher tempera- 
ture end of the ampul and the free Hg at the lower 
temperature end; the vapor pressure of Hg obtained 
corresponded to the saturation pressure jf Hg at the 
lower temperature and was independent of the amount 
of Hg in the ampul. The limits of Hg pressure, within 
which the solid is stable at a given teir )erature, were 
obtained from the partial pressure- temperature data 
forHgTe (8) and Hgi-xCdiTe alloys (9-10). 

Equilibration periods ranging from 16 to 24 hr were 
used (or annealing at temperatures of 500*C or greater 
and a two week equilibration was used for annealing 
temperatures of 460' and 400'C. Subsequent to the an- 
neals, ' samples were rapidly quenched in ice water, 
to freeze in as much of the high temperature equilib- 
rium as possible; in a few cases the samples were air 
cooled from the equilibration temperatures. 

Electrical measurements. — Hall effect and resistivity 
measurements were made using the van der Pauw 
method (11). Magnetic field strengths of 400 and 4000G 
were used for the measurement of the Hall coefficient. 

Results 

Only those Hall coefficient measuruments where the 
Hall coefficient Rh did not vary with varying magnetic 
field strength, (4(K)-4000G) were used in evaluating the 
hoie concentrations in the crystals. This ensured that 
the samples did not show mixed conduction (12) and 
the carrier concentration was given by 

I 

I^IhIq 

Figure 1 shows the variation of the Hall coefficient as 
a function of the temperature of measurement for the 
undoped samples equilibrated at different temperatures 
under known partial preuures of Hg and qu''*vched to 
room temperature. It is evident from the .e that at 
temperatures exceeding 145 K the contribution from 
the intrinsic carriers becomes important, whereas at 
temperatures between 77 and 145 K the Hall coefficient 
is temperature independent indicating that the native 


i.K 



Flf. I. Hall ceefficisfil as a faaction of Motorement ftmptra- 
tvro for aadopod H|o.tC4«.i tanalot oqaiUbrettd or tko indicottd 
ftmptrahiret and partial prttMrot of Hg ond quenchtd to room 
ttmporahirt. 


acceptors are completely ionized at 77 K for concentra- 
tions ranging from 10'» to 10" cm“’. Based on this in- 
ference, all the Hell effect measurements on the un- 
doped samples were carried out at 77 K, and the re- 
sulting hole concentration was assumed to give a mea- 
sure of the native acceptor defect concentration in- 
corporated at the higher equilibration temperatures. 

Figure 2 shows the hole concent'ations at 77 K as 
a function of the partial pressure of Hg for the un- 
doped crystals annealed at various temperatures and 
quenched to room temperature. The samples are in- 
variably p-type for all partial pressures oi Hg 
(throughout the existence region) at temperatures 
greater than 400'C and the hole concentration is 
roughly inversely proportional to the partial pressure 
of Hg, ph|. Phase Iwunda^ limits at each temperature 
are indicated by arrows in the figure. The solid lines 



Fig. 2. Halo coflCoatrotioH at 77 K o> a fmirtian of Hic portiol 
P'otsaro of Hg for oadoped Hgo.iCdo z crysfab eoiwoltd ot vorioin 
cgeiKbratiaa fooiaaratam and goeachod to room towporatHro; 
loHd Kan coi fos poad H Hm oaloti eekolstod sm tlio basil of lb* 
drfoci owdol diKOMod i« Hm tail. 
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shown in the figure correspond to the hole concentre- 
tions cslculsted on the bssis of the defect model tor 
the undoped crystsls, to be discussed Ister. 

Figure S shows the vsristion of the Hell coeScient es 
e function of the tempereture of meesurement for 
crystels doped with different copper ooncentretions. 
Just es with the undoped crystels, most of the copper 
present in the electricelly ective form eiqieers to be 
completely ionized between 77 end 145 K, end et tem- 
peretures greeter then 145 K the contribution from the 
intrinsic cerriers becomes signiflcent The totel emount 
of the electricelly ective copper cc-ncentretion in the 
semples wes inferred from the hole concentretions ob- 
teined et 145 K. 

Figure 4 shows the hole mobility et 77 K for the lut- 
doped crystels es s function of the hole concentretion. 
The dets indicste thet the hole mobility decresses with 
increese in hole concentretion. Figure 5 shows the hole 
mobility st 77 K in verious copper-doped semples. The 
temperetures et which the verious copper diS-sions 
were done ere elso indicsted in the figure. It is ep- 
perent from Fig. 4 end 5 thet the copper-doped semples 


I , 



Fis. 3. Hell cocHkimt « o hmctiea of siraiu. c.-nont towM'Stiirt 
for roppor-depo4 Hfo (Cdo t cnntab. 



Fis. 4. CsporiiMotsI end cakilsttd helo mobility st 77 K at s 
fsoctioii of tbt kok coocootrotioo for oodopod Hfo.tCdo 2 cryttsh; 
esrroi 1 end 2 ikow tko cokoletod mobility dot to impority Kst- 
toriof (cvrvt t for tinfly iooiiod contora wod com 2 for doubly 
iooitod crottri), lint 3 ihowt the mobility doo to lottict tcottor- 
inf, sod corns 4 sod 5 tkow tko ororsll owbility cakolsttd by 
rtciprocolly cooibinins tko impority Kottoring mobility sod the 
lottict Kettering mobility (curve 4 for singly loniied centers ond 
curve 3 for doubly ioniiod centers). See Appondie A for detsils of 
cskolstious. 

3-6 



Fig. S EsporisMntsI sod cskolstsd bsis smbiKty st 77 K st s 
fosetios of tbs bole csscostrstios for copper-doped Hgo.lCdot 
cryetele; csrvst I sod 2 tbs* tbs cskslslsd sMbiKty dso to hs- 
psrity Ksttoring (curve I for liugiy ie.-':sd ctstsrt end curve 2 
for d^hr issiisd coursrt), Hus 3 thews tbs mobility dso to Isttke 
Kettering, sod csrvot 4 sod 5 tbov tbs ovsrsll owbility cokoistsd 
by tsciprscsily c smbiolsg Ibo impstity KStttrisg owbility 
(curve 4 for tisgly ios iie d contort end curve 5 for doubly iouiicd 
esutort) See A p pmdis A for dstollt of cskslotisut. 

hove higher hole mobilities then the undoped samples 
containing similar hole concentrations. The mobilities 
calculated on the basis of the combined ionized im- 
purity and lattice scattering are also shown 'n the 
figures. 

Figure 6 compares the electrical conductivity at 77 K 
obtained in the undoped crystals containing a relatively 
large concentration of voids and inclusions (—1000 per 
cm*) vrith those containing a neglisible concentration 
of these 20 per cm*) subsequent to anneals at 500*C 
in different partial pressures of Hg and air cooled or 
quenched to room temperature; the voids and inclu- 
sions in the samples were approximately 10-30 um in 
diameter, and depending on how the bulk crystals were 
grown, the inclusions were either Hg rich or Te rich. 
Figure 7 jhows the electrical conductivity at 77 K, 
obtained in the undoped crystals containing a large 
concentration of voids and inclusions and which were 
air cooled to room temperature subsequent to anneals 
at 500’C in different partial pressures of Hg. Figures 
6 and 7 clearly show that the electrical conductivity 
variations as a function of the partial pressure of Hg 
are similar for undoped crystsls with and without 
voids and inclusions that were quenched to room tem- 



Fig.4 Ekclrkal conductivity at 77 K for vorioui uti of undopod 
Hgo tCdo yTt cryitoh containing difftrtnt concontrationi of void> 
and incistiani, end goonckad ar air cooltd tsbMqmnt to appeah 
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perature subsequent to equilibration at SOO'C; the re- 
sults are also similar for the undoped crystals contain- 
ing virtually no voids and inclusions and which were 
air cooled from SOO'C. However, considerable scatter 
is obtained in the results for the undoped crystals con- 
taining a large concentration of voids and inclusions 
and which were air cooled from SOO'C. 

Discussion 

Defect equilibria — The way in which the concentra- 
tions of defects vary as a function of the physicochem- 
ical conditions of preparation (temperature, partial 
pressure of Hg or partial pressure of Te;, and/or the 
dopant concentration! can be arrived at by utilizing 
the quasichemical approach developed by Kroger and 
Vink (13). The quasichemical approach has been used 
in many binary compounds to establish defect models 
(14). In such an approach, atomic and electronic de- 
fects are considered as chemical species and defect for- 
mation reactions along with the corresponding mass 
action relations are formulated. The concentrations of 
all the defect species comprising the electroneutrality 
condition and the dopant balance equation (for the 
doped crystals) are then expressed in terms of the rele- 
vant mass action constants and the concentration of one 
defect species. This results in equations containing the 
various mass action constants and the concentrations of 
one single defect species, numerical solution will then 
yield the concentration of this defect species for givrn 
values of the mass action constants Once the concen- 
tration of one 'cfect species is determined the concen- 
trations of all the other defect species can be evaluated 
via the mass action relations. 

Defect formation reactions and mass action relations 
for various defect species are listed in Table I. The de- 
fect notations are according to the scheme of Kroger 
and Vink (13 in which the major symbol indicates the 


defict, the subscript denotes the type of lattice site 
occupied, and the superscript indicates the charge. Su- 
perscripts prime (') and dot ( ) stand for effective 
negative and positive charges, respectively, while a 
cross (x) stands for a neutral charge. Thus Vhs in- 
dicates a doubly negatively ionized vacant lattice site 
of Hg. Square brackets indicate concentrations ex- 
pressed as site fractions. The native acceptor defect 
species considered in this paper are the vacancies of Hg 
instead of the interstitials of Te. Electrical measure- 
m« nts cannot distinguish between the two species and 
hence the results will be the same if interstitials of Te 
an* considered as the native acceptor defect species 
iiutead. Recent work on the defect structure of CdTe 
(15. 16) determined by Hall effect and tracer self- 
ditfusioR data indicates the presence of appreciable 
concentrations of Te interstitials in addition to the 
vacancies of Cd. Although the results of the present 
work showed no evidence of presence of any native 
donor defects such as Hgi or V-n etc. in any appreci- 
able concentration. Table I includes these defects also 
fo ' purposes of later discussion in the paper. 

Defect state in the cooled crystals. — Ideally, in situ 
hi >h temperature physical property measurements and 
measurements on the crystals quenched from the 
equilibration temperatures should both be used to ar- 
rii e at defect states prevailing at the hign temperature 
as well as in the cooled crystals, much information re- 
garding precipitation of atomic defects during quencli- 
in| can be obtained by correlating the defect state in 
the cooled crystals with that obtained at the equilibra- 
tion temperatures. CdTe (15-19) is only one of the few 
materials that has been studied extensively from such 
a viewpoint. In the present work, however, the defect 
state in the cooled crystal shall be used to derive in- 
formation regarding the defect state prevailing at the 
equilibration temperatures. 

While attempting to deduce the high temperature de- 
fect state of the crystals from measurements on the 
cr./stals quenched to room temperature from- the high 
temperature physicochemical conditions, a few as- 
sumptions are made. The assumptions are (i) that the 
ei-ctrons and the holes recombine during cooling, (ii) 
thit all the atomic defects at the high temperature arc 
frozen in. and (iii) that the intrinsic carrier concen- 
trr.tion ni = K,‘» at the measurement temperature << 
concentration of the electrically active atomic defects 
so that the Fermi level is pinned at the defect level 
ani the carrier concentration in the cooled crystals 
gives the concentration of the atomic defects corre- 
spt nding to the high temperature equilibrium. The first 
assumption is always satisfied and the third one is also 
satisfied as long as the carrier concentration measure- 
ment temperature is low enough for n, to be low The 
second assumption requires that the crystals be 
qu inched fast enough that the precipitation of the 
atomic defects is not given rise to. 

.tpproximotion to the electroveutraUty condition and 
do Hint balance condition. — When the electroneutrality 


Toble I List of the defect formation reoctions, moss action constants, electronewtrolitv condition, and dopant balance equation 


Reaction 


Mau action relation 


1 O - e 4 - h , El 

2 Hz'iit — V'lii » 2 h - Hg(gi;H'iHi 

3 V'ii» -* V iif ♦ h ; Et^t 

4 V Ilf -* V*ii, .* h . E.,i 

5 (Hg -CdiwiTe (Si - 0 « (Hg(g) ^ OZCdlg) - l/ 2 Tei(f)i 

SO-* V’h» * V T-; H'r 
7 Hg'ii. V,i, * Hg H'r 

t Hgili -• Hg(gi; Hnt 
» Tedi - I 2 Te;(gi, Hr. 

10 Electroneutrality condition 

(e'l + ICu'hrI + [V H »1 ♦ 2 iV'nil » ih'l ♦ iCu il ♦ IHg tl 

11 Copper balance equation- 

ICu lul * ICu i) > ICu... I 


K. - re l Ih-J 

K‘vhi IV"h» 1 Ih PH, 

K.,r = IV n.I Ih I IV'H,I 
K.,< = IVil.l [h ) IVh.1 

KiH,, ,c*„ ,T.i = PKi"'PC« ’PT..' ’ 


K's = IVh, 1 IV- 1.1 
K'r = IVii.l IHg .1 
Kh, = ptit'an* 

Kt. = Pr.,’ r^OT* 

* 2iHg--,i * 2 IV--T.I orig::.'-'.'- . - 
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condition and the dopant balance equation (Table I) 
are approximated by only the dominant members (M), 
one can obtain the variation of the defect concentra- 
tiona as a function of Pm and the total copper concen- 
tration (for copper-dop^ cryatals) in the form 

Concentration « pn,r [Cu*m]' 

where r and : are amall integerx or fractions. 

Table II lists the exponents of ph« and [Cum] for 
the variation of the concentretions of the different de- 
fects for various approximations to the electroneutral- 
ity condition. 

Native acceptor defects . — ^The fact that the bole con- 
centration in the undoped crystals is proportional to 
Pns~' 2) indicates that the crystals are essentially 
intrinsic at the high temperature (Table II, electro- 
neutrality approximation [e'] = [h ]); however, as 
can be noted from Table n, tor a situation where the 
crystal b intrinsic, all the native acceptor defects vary 
as PiK~> irrespective of the charge state of the defects. 
In order to establbh the charge state of the native 
acceptor defecte dominant in the undoped crystab the 
electrical cbaracterbtics of the undoped and the ac- 
ceptor doped crystab will be compared. Figure 4 shows 
that the bole mobilities in the undoped crystab at 77 K 
decrease with an increase in the hole concentration 
indicating that the contribution of ionised impurity 
scattering to the hole mobilities b substantial. If so, 
the fact that a majority of the copper-doped crystab 
shown in Fig. 5 have higher mobilities than the un- 
doped crystab indicates that the ionized impurity scat- 
tering is less in the copper-doped crystab; the resulb 
can be explained if copper b a single acceptor occupy- 
ing Hg lattice sites and the native acceptor defeeb in 
the undoped crystals are doubly ionized. Based on the 
theory of ionized impurity scattering (21) tor compar- 
able hole concentrations, the mobilities due to ionized 
impurity scattering in the copper-doped crystab con- 
taining X number of singly ionized copper centers can 
be expected to be twice that in the undoped crystab 
containing z/2 number of the doubly ionized native 


Tabh II. Voriotiem of tlio defect cenccotratieio « o feocCioii of 
SHf oad/er coaler coeceotnitieoi foe ronen oppresiowtioiit to 
IW electfOMOIrolitr cooditioo 


acceptor defect centers. Also, in those crystab where 
the electrically active copper concentration exceeds the 
intrinsic carrier concentration at the annealing tem- 
peratures, thus extrinsically doping them, the native 
acceptor detect concentration decrease s with an in- 
crease in the copper concentration as a consequence of 
the mass action effect As can be aeen from Thble n. 
as soon as the crystab become extrinsic with copper 
doping and the electroneutrality approximation be- 
comes [Cu'hsI = Ih ], the doubly ionized native ac- 
ceptor defeeb decrease in proportion to the square of 
the coiqier concentration in the erj^tab ([V*|^] oc 
[Chitat]'*)- Thb b shown schematically in Fig. 8. 
Hence, in samples doped with copper to greeter than 
the intrinsic carrier concentration, the coircentration of 
the doubly ionized native acceptor defeeb b eoirsider- 
ably depressed. If the native acceptor defeeb were 
singly ionized, their concentration would decrease in an 
inverse linear proportion to [ChitMl as soon as the cop- 
per concentration exceeds the intrinsic carrier concen- 
tration (Table II and Fig. 8); however, the hole mobility 
of such samples should be no different from that of the 
undoped crystab tor comparable hole concentrations. 
It may be argued that the larger bole mobility in the 
heavily copper-doped sanqiles (Fig. 5) may result from 
shorting paths due to the high concentrations of cop- 
per; however, the fact that the bole mobility in the 
copper-d<q>ed samples decreases for hole concentra- 
tions in excess of 10‘» cm~* (Fig. 5) rules out thb ex- 
planation. It should also be noted from Fig. 4 and 5 
that the hole molnlities are essentially the same tor 
both the copper-doped and the undoped samples when 
the hole concentration b less than 10*^ cm~®. Thb re- 
sult indicates that ionized impurity scattering b prob- 
ably less significant tor hole concentrations less than 
10'^ cm“*. Hole mobilities calculated by reciprocally 
combining the mobility due to lattice scattering and 
the mobility due to ionized impurity scattering (see 
Appendix A tor detaib) are also shown in Fig. 4 and 5 
tor the cases of singly ionized and doubly ionized scat- 
tering centers; clearly, tor the undoped crystab, the 
agreement between the experimental values and the 
calculations b better tor the case of the doubly ionized 
scattering centers, whereas for the copper-doped crys- 
tab the agreement b better tor the case of the singly 
ionized scattering centers. It should be noted that xhe 
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Braoks-Herrinf expression (21) used for calculatinf 
the mobility due to ionired impurity scattering is ap- 
plicable only for nondegenerate semiconductors and 
hence the mobility calculations shown in Fig. 4 and S 
for hole concentrations in excess of 10>* cm~* should 
not be deemed significant; tor such large cerrier con- 
centrations impurity banding effects also become im- 
portant 

Abteace of compensation in the undoped and copper- 
doped crystals. — Absence of compensation in the un- 
dt^ed as well as the copper-doped crystals of 
Hgt.tCd«^Te is evidenced by a few inferences. First, 
the hole mobilities in the undoped crystals are only de- 
pendent on the hole concentration and are independent 
of the temperature of anneal; if there was any compen- 
sation by native derects, the conc' tration of these 
defects would be expected to be exponentially depen- 
dent on temperature and the mobility dependence on 
the hole concentration would iMt have been nearly as 
linear as shown in Fig. 4. Second, if the undoped crys- 
tals had a considerable concentration of native donor 
defects compensating the native acceptor defects the 
concentration of these native donor defects would 
have considerably increased via the mass action effect 
as soon as the copper concentration exceeded the in- 
trinsic carrier concentration and the crystal became 
extrinsic (Table II and Fig. 8). Since the copper-doped 
crystals, in fact, have higher mobilities than the un- 
doped crystals for comparable hole concentrations, the 
undoped and the copper-doped crystals seem to be un- 
compensated and the native donor defect concentration 
in Hga.(Cd«.sTe seems to be negligible. Absence of com- 
pensation also has been established in Hgo.cCd4.4Te 
( 22 ). 

Oriyin of p-type to n-type eonoersion. — In the ab- 
sence of any systematic defect studies in Hgi-zCdiTe 
various reasons for p-type to n-type conversion have 
been proposed (2-S, 23. 24). Reynolds et al. (23) ob- 
served that the Hgo.cCdo.iTe crystals annealed under 
Hg-saturated conditions converted to n-type below 
380*C and the electron concentration was independent 
of temperature of anneal below 360’C. The temperature 
independence of the electron concentration under Hg- 
saturated conditions led them to conclude that the crys- 
tals were n-type due to residual donors in the crystals 
and not due to any native donor defects. Similar in- 
ferences and conclusions were reported recently by 
Bartlett et al. (24) for HgotCd«jTe. Schmit and Stelzer 
(25) observed that their undoi^ Hgo.cCd«4Te samples 
also turned n-type at temperatures below 350*-4(>0*C 
under Hg-saturated conditions. Also the conversion 
temperatures were different for different samples. Al- 
though the temperature independence of the electron 
concentration in the undoped crystak of HgooCdosTe 
(23, 24) and HgosCdoiTe (25) for Hg-saturated con- 
ditions does not, by itself, rule out the n-type conver- 
sion to be due to native donor defects (see Appendix 
B), the fact that the different samples in the experi- 
ments of Schnit and Stelzer (25) converted to n-type 
at different temperatures indicates that the conversion 
in these samples was due to residual foreign donors in 
the crystak, the samples with a higher residual foreign 
donor concentration being able to convert to n-type at 
a higher temperature. Also it was noticed in the present 
work that certain of the p-type samples (lO'^-lO** 
cm~*) did not convert to n-type even when annealed in 
Hg-saturated conditions at temperatures below 350’C. 

If the n-type conversion occurs due to native donor 
defects the inability to convert some of these samples 
is difficult to explain. In these samples the residual ac- 
ceptor impurity concentration exceeded the residual 
donor impurity concentration and hence p-type to n- 
type conversion was not possible at any temperature. 
These arguments support our conclusion in the pre- 
vious section that the native donor defects in 
HgoiCdoiTe are negligible in concentration; (probably 


much less than 10** cm~* at SS0*-400*C). The eoavar- 
sion to n-type in Hg«.s(^sTe, as well as Hgo oCdo.iTb 
does not appear to be due to native donor defats. 
The aasumpUon that the p-type to n-type conversion 
in Hgi-iCdzTe alloys occurs due to native donor de- 
fects an>ears erroneous (2-5), and such a conversion 
only occurs due to residual donor impurities; also the 
conversion k only possible for samples with residual 
donor impurity concentration exceeiUng the residual 
acceptor impurity concentration in the crystals. 

Correhition of the gucnchCng efficiency unth the prts- 
ence of voids and indusiont. — Results of Fig. 6 and 7 
indicate that the electrical conductivity variations in 
the cooled crystak at 77 K as a function of the partial 
pressure of Hg at the equilibration temperatures can 
be a sensitive function of the cooling rate, particularly 
for samples containing a large concentration of voids 
and inclusions (~ 1000 per cm*). For samples contain- 
ing a relatively small concentration of voids and inclu- 
sions (^ 20 per cm*) the results are approximately the 
same except under very low Hg prenures where the 
air-cooled samples have smaller electrical conductivity 
than the quenched samples (Fig. 6). Electrical con- 
ductivity, rather than hole concentration, has been 
plotted in Fig 6 and 7 for ease of comparison of the 
results of different anneak; tor instance, some of the 
air-cooled samples showed mixed conductivity due to 
the formation of thin n-type inversion layers formed 
by a reduction in the hole concentration due to pre- 
cipitation of native acceptor defects during cooling 
and/or partial type conversions of the samples. When 
such layers are thin, the overall conductivity is still 
dominated by holes (p>i,> > mm) even if the Hall co- 
efficient k negative (n^*. > pn*p>, hence electrical con- 
ductivity for such samples was assumed to reflect the 
bulk crysUl properties better than the Hall effect re- 
sults. It can be inferred from Fig. 6 and 7 that the cool- 
ing rate obtained from air cooling the .amples is not 
high enough to retain the high temperature equilibrium 
in the samples containing a large concentration of 
voids and inclusions, thus resulting in a reduction of 
the concentration of the native acceptor defects at 
500*C. The diffusion dktances for equilibration are 
lower in the presence of a large concentration of voids 
and inclusions, hence crystak containing a large con- 
certration of these can come to equilibrium at an in- 
termediate temperature between 500* C and room tem- 
perature during air cooling, whereas crystak contain- 
ing fewer of them retain the high temperature equi- 
librium to a greater degree. It should also be noted 
from Fig. 7 that quenching in ice water is fast enough 
for crystak containing a large concentration of voids 
and inclusions to retain the 500*C equilibrium. Al- 
though experiments with varying cooling rates were 
not undertaken at higher temperatures it is reasonable 
to assume that the effect of the presence of voids and 
inclusions on the quenching efficiency is greater at 
temperatures higher than 500*C and lower at lower 
temperatures. 

/tnolysis of the carrier concentration in the undoped 
crystals . — In the detailed analysis of the carrier concen- 
tration in the cooled crystak, the complete electroneu- 
trality condition is considered. In order to distingukh 
the high temperature state of the crystal from the low 
temperature state of the crystal (cooled crystals) sub- 
scripts HT (high temperature) and LT (low tempera- 
ture) are used. 

For the undoped crystak, knowing that the native 
acceptor defeck are doubly ionized and that the native 
donor defeck are negligible in concentration and ne- 
glecting the influence of residual donors and acceptors, 
the complete electroneutrality condition becomes 

[<’]ht 2[V”h»]ht = [h lHT [IJ 

Expressing [e‘] and [V-hiI in terms of the mass action 
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< mstants defined in Table I, we obtain 

{K,|[h])Bi (aK‘'vn.![h]*PHa)iiT= tb-lHT W 
ur 

[h'lHT*— (K|[hl)irT = KK’viuIpiu^ht 

The concentration of holea obtained in the cooled ciya- 
<«b is giv«i by 

n» Ilt = S[V*h*]ht = (aK'vB,|[h ]>pHf)*T 

c 

[h ]ht = (2K-vh,Ipb,)ht'‘I th Ilt* »] 

Combination of [2] and [3] with some simplification 
gives 

Ib jLT*'* (2K'vH«iPHa)llT*'* + (Ki)bt [h ]LT 

= (2K~VHtlPllf)BT [4] 

For given values of Ki and K*vhs *t various tempera- 
tures, the solution of Eq. [4] gives the hole concentra- 
-ion in the cooled crystals as a function of Put- By a 
procedure of trial and error, the values of Ki and K'vhs 
were optimized at each temperature to give the best fit 
oetween the experimentally observed hole concentra- 
"jons and the calculated values. The calculated values 
are shown in Fig. 2 as solid lines. The agreement be- 
tween the experimental values and the calculations ap- 
pears to be within limits of experimental error. 

Mass action constants Ki and K^vut determined from 
he present investigation (valid for temperatures be- 
tween 400* and 655‘C) are given by 

K, = 5.77 X 10-«exp (-0.57 eV/kT) (Site Fr)» [5] 

and 

K'vh« = 7 9 X 10* exp ( -2.24 eV/kT) (Site Fr)* atm 

[81 

Noting that there are 1.26 x 10** molecules/cm* in 
Hpo sCdo jTe, we get 

Ki = 9.18 ^ lO^oexp (-0.57 eVAT) cm"* [7] 

anc 

K"vHg = 1.58 X 10«»exp ( —2.24 eVAT) cm"* atm 

[ 8 ] 

Both Ki and K"vHf influence the absolute values of the 
cvrner concentration obtained in the cooled crystals 
and the variation of the carrier concentration as a 
function of ph*. From Table II, it can be seen that 
ti e 1 ole concentration in the cooled crystals (equal to 
twici the concentration if the doubly ionized native 
acrei tor defects ’t 'ne anneal temperature) is expected 
to be proportiona to Ph*"' for crystals which are in- 
trinsi:, whc it is expected to be proportional to 
Ph»"' '* 1- ystals which are extrinsic with the situa- 

tion [h . -.2 [V"hi] at the high temperature. Thus, for 
a giv’n value of K"vh«. if the chosen Ki value was such 
tb"’ |V"iig] was comparable in concentration to [e’l 
8..V. [h 1. at the high tempeiature, the power depen- 
lence of the calculated hole concentration in the cooled 
cryf.tals was be. ween —1/3 and —1. On the other 
har J. if the chosen Ki values were high compared to 
the hole concentra* on in the cooled crystals, the cal- 
culi ted hole cc .centra tion varied strictly as Phs“‘- 
The absolute values of the calculated hole concentra- 
tion depe, Jed both on K’ and K"v»ii In order to show 
ho'v s» isitive the calculated hole concentrations are to 
the sanation in the Ki values at the anneal tempera- 
tu.'es, the hole concentrations in the cooled crystals 
were circulated as a function of Ph* for Ki values 25% 
higher and 25% lower than given by expression [7] 
for K|. The calculated hole concer.trati''ns in the cooled 
crystals for K, values given by the expression as well 
as for iCi values ± 25% are shown for T = 500”C in 
Fig. ( 1 . the K"vii( value in the calculations was kept 



PAtllAl IVESSUlf OF «aa 

Fif. 9. Deftcl nadcl cokalelioM of the bek cwKMtfMioM at 
77 K <w oadoacd H90.sCd0.tT* oaMoM ot SOO'C ia varioai 
aorttal prasMiw of H9 sod oMoeWd le nom l om p tn t m n; nlid 
Km 2 rtwttcah cokalolioai otiai (T| vohws fina Kr tapttuii O 
[7] of iKc text, wWrtM Ih* d w Kt d Imcs I and 3 contspood Is 
coksIstioM axisf Kt ««la*i diHarisf fisw iKa** of txpratsisa [7] 
br ±2S%; osp t riwoatol asialt ei* abo tbasa for cowporiios. 


constant as given by expression [8]. It appears that 
♦25% variations in K| do not affect the calculations 
adversely. 

Assuming simple parabolic conduction and valence 
bands and nondegenerate semiconductor statistics the 
expression for Ki is written as 

Ki = 2(m,mh)»'* (jikTA*)*exp (- B,AT) cm-* 


[B] 

where m, and m* are the effective masses of electrons 
and holes, reflectively, and £, is the energy gap. Eg = 
Eg(0) + aT where £g(0) corresponds to the energy 
gap at 0 K. A linear increase of the energy gap with in- 
crease in temperature has been verified by various re- 
searchers for temperatures up to 400 K (26-30). To the 
author’s knowledge, no measurements on the energy 
gap or the intrinsic carrier concentration at tempera- 
tures much in excess of 400 K exist in the literature. 
If we assume the linear temperature dependence of 
the gap to hold good at temperatures greater than 
400 K, with £((0) 0.1 eV (3) and inclusion of the T* 

term in the exponent term (Eq. [9]), we get 0.32 eV 
for the enthalpy associated with K|. This value is lower 
than the value of 0.57 eV found from the present in- 
vestigation expressions [5] and [7]). The possible non- 
parabo.icity of the bands at the higher temperatures 
and a nonnegligible temperature dependence of the ef- 
fective masses of carriers may account for the higher 
enthalpy associated with Ki given by expression [7], 
The dependence of the calculated hole concentrations 
in the cooled crystals on the value of K”vHf can be 
judged by the inspection of Eq. [4] which indicates 
that for crystals which are intrinsic at the annealing 
temperature, the second term on the left-hand side 
dominates, with the result that the hole concentration 
in the cooled crystals is proportional to the value of 
K"vh»/Ki. As a result it is not hard to realize that for 
given values of K| the hole concentrations in the cooled 
crystals depend on K”vHi in just the opposite way as 
they did with Ki for fixed K^vh* values. Thus, just as 
±25% variations in Ki did not adversely affect the cal- 
culations (Fig. 9), we believe similar variations can be 
tolerated in the value of K"vh(. 
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From the prcMnt work the enthalpy for the reaction 
Hgae*-* V'h, + 2h' + Hf (g) 

has been established to be 2.24 eV. 

For comparison with CdTe, the enthalpy associated 
with the reaction 

Cdc4*-V'c4 + 2h +Cd(g) 

is evaluated to be 4.72 eV (15). The higher enthalpy 
associated with a similar defect reaction for CdTe is 
reasons le in view of the fact that CdTe has a larger 
melting point and bandgap than HgosCd«jTe and. 
hence, stronger bonding. 

TaUe ni summarizes the values of some of the mass 
action constants defined in Table L Included in the 
table are the values of Ki and K'vhs applicable for T 
= 400*-6SS*C as well as foe Ki value applicable for T 

27‘-400*C. 

The mass action constants Ki and K'vhs established 
from foe present work can explain foe results on in- 
dium-doped (31). Iodine-doped (32) and phosphorus- 
doped Hgo.iCdo.iTe (33) satisfactorily. 

Defect isotherms for undoped HposCdo.tTe.— Once 
the values of Ki and K^vhi are known, it is possible to 
calculate foe concentratior s of various defects as a 
function of phs >t any given temperature. Such a de- 
fect isotherm for T = 500*C is shown in Fig. 10. As can 
be seen from the figure, foe crystal is essentially in- 
trinsic except at low Hg pressures at higher tempera- 
tures where native acceptor defects begin to become 
comparable in concentration to intrinsic carriers. 

Hole concentration in undoped Hgo.aCd«.sTe under 
Hg-saturated and Te-satvrated conditions. — ^The high- 
est and the lowest Hg pressures in foe experimental 
data indicated by arrows in Fig. 2, correspond to the 
Hg pressure under Hg-saturated conditions and foe 
Hg pressure under Te-saturated conditions, respM- 
tively (8-10). Figure 11 shows foe hole concentration 
variation in the cooled crystals as a function of tem- 
perature of equilibration for Hg-saturated and Te- 
saturated conditions. The temperature dependences of 
the hole concentration are given by 

(h ] (Hg saturated) 

= 1.54 X 10«exp (-1.13eV/kT) cm"* 

and 

[h ] (Te saturated) 

= 2.36 X 10* exp (-0.314 eV/kT) cm~* 

Isohole concentration plot for Hgo.sCdc.tTe. — ^Knowl- 
edge of Ki and K'vHf permits us to calculate bole con- 
centrations in the cooled crystals as a function of foe 
physicochemical conditions of preparation, namely, pn, 
and T. Such a plot is shown in Fig. 12. As can be seen 
from Fig. 12, the undoped material is p-type through- 
out the existence region for all temperatures as long 
as the residual foreign acceptor concentration is 
greater than the residual foreign donor concentration 
in the crystals. This figure is different from foe isocar- 
rier concentration plot reported in Ref. (2, 4) where 


Tobi« III. Volaes of Hm poroinrttn for tftt tqoilibriinn conifanfi 
K zz Ko tip l — H/kT) defined in Toble I 



Equilibrium 

K*(Slte Fr. 




cemsUnt 

atm) 

H (*vi 

Source 

1. 

Ki 

5 77 X 

0.57 1 

This work 


K'fHg 

7.9 X !0« 

2.24 ' 

(400*-655'C) 


K, 

1 4 X 10^ 

0.354 

(27*-400*C> 



2.75 X 10* 

208 

Ref. (10) 


Kill 

7 64 X 10* 

062 

Ref. (8) 


Kt. 

1.82 X 10» 

1 27 ! 


There ire 1 26 x 

10* moleculet/cm^ In Hgg gCUo iTe 



3 - 



Fif. 10. Caleolofcd defect coecentratiom n a fonction of tbe 
partial preware of Hfl ot tbe ceeilibrotion temperoterc of SOO'C; 
da s bed Kne rtpresenit the colcalated bole concentration in tbe 
cseM crystalt at 77 K; experiiaental points are oho shown for 
cooipaiison. 


^ MO 300 400 330 



Fip. 11. Cakeloted hole concentrotion lints at 77 K os a fonc- 
tion of temperetare for andoped Hgo.sCdo iTe egnilibrated in Hg- 
saterated and Tt-Mt«rattd coaditioni and gaenebed tq roooi tem- 
peratere. Cakalations for temperatare ranges ostside the experi- 
nwntol work reported in this paper ore shown dashed; intrinsic 
carrier concentration os e fanctien of temperatare is olse shown 

p-type to n-type conversion was attributed to native 
donor defects. It can also be seen that the highest de- 
viation from stoichiometry (or the highest hole concen- 
tration in foe cooled crystals) attainable in undoped 
Hgo.sCdo.iTe is < 3 X 10‘* cm“*. 

Defect isotherms for copper-doped HpotCdj^Te. — 
With foe assumption that all of the electrically active 
copper is present as Cu'hs, defect concentrations as a 
function of the electrically active copper concentration 
and Phs can be calculated. As before, we define high 
temperature and low temperature states of the crystal 
using subscripts HT and LT, respectively. The com> 
plrte electroneutrality condition and the copper bal- 
ance equation are 
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Fig. 12. Calculated iiahole concentration lines at 77 K for 
Hgo ftCdo 270 as o function of the portio) pressure of Hg and 
temperoture of equilibration. 



COerf« (.ONCENIWIIC'N, cm" 


Fig. 1J. Calculated defect conccnlTaliont at a function of tbe 
electrically octiee copper concentrotion in Hie crystols at tbe 
equilibration temperoture of 500* C ond pHi = 3 otm; dashed line 
corresponds to the calculated hole concentrotion in the cooled 
crystals at 77 K. 


(e’]nT + 2[V"HgjHT T [Cu'h*] = [h ]ht [10] 

and 

(Cu'h»]hT = [CUtotlHT [11] 

In terms oT the mass action constants Ki and K"vh«. 
the electroneutrality condition is rewritten a.s 

(Ki/[h ))ht 4- 2(K"vHi/[h ]*Ph»)ht 

[Cuc«] = [h ]„t [12] 

or 

[h )hi — [h ]ht^ [Cutot] 

— Ki[h ]ht = 2(K"vHf/PHilHT [13] 

In the cooled crystals, the hole concentration is given 
by 

Ih ]iT= 2 [V"h*1ht + [CuhiIht 

= 2[V"„,]h- -r [Cu,o.)ht [14] 

or. expressing [V"ngj in terms of K"\Hf and [h ], we 
get 

[h ]l.T = (2K"vHi/[h ]7pHl)HT + [CUtotlHT [15] 

With the knowledge of the mass action constants Ki 
and K'\ n* established for the undoped crystals, defect 
concentrations ([V’’hi 1, [h Iht- (h ]lt. etc.) as a func- 
tion of copper concentration for a fixed Phi or as a 
function of Pm for fixed copper concentration can be 
calculated from Eq. [13] and [15]. Figure 13 shows 
the defect isotherm for T = 500' C and pm = 3 atm as 
a function of the total copper concentration in the crys- 
tal. Similarity between Fig. 8 and 13 is to be noted. 
While Fig. 8 IS drawn with approximation to the neu- 
trality condition, Fig. 13 has been drawn with the con- 
sideration of the complete electroneutrality condition. 

Imperfect quench for heavily copper-doped samples. 
— The electrically active copper concentration in vari- 
ous samples as inferred from the Hall effect measure- 
ments was found to be lower than the total copper 
concentration in the samples inferred from atomic ab- 
sorption analysis (Table IV) From arguments in the 
orevious sections, compensation by native donor de- 


fects or by copper interstitials (acting as donors) is 
ruled out as the explanation. On the other hand, pre- 
cipitation of copper during quenching or the solubility 
limit of copper at the equilibration temperatures can 
explain the discrepancy. If the explanation is one of 
the solubility limit, it is hard to reason why samples 
having total copper concentration less than 10‘® cm“* 
also show electrically active copper less than the total 
amount of chemically inferred copper concentrations. 
Owing to the high diffusivity of Cu in Hgi-iCdjTe (6. 
7). ive are inclined to believe that precipitation of 
copper as CuTe or CujTe during quenching results in 
the electrically active copper (as found by Hall effect 
measurements) to be less than that obtained by chemi- 
cal analysis. The fact that the fraction of electrically 
active copper decreases for higher and higher copper 
concentrations (as determined by chemical analysis) 
also supports the view that precipitation occurs during 
quenching since the diffusion distance between copper 
atoms for precipitation to occur can be expected to de- 
crease as [Cutoi]“’. Efforts to improve the quenching 
efficiency by breaking open the ampuls and quenching 
the samples directly in water did not result in any im- 
provement. It appears that the high diffusivity of cop- 
per results in an imperfect quench from the equilibra- 
tion temperature. If we believe that precipitation oc- 
curs during quenching, the solubility of electrically 

Table IV. Cumpariton of the concenIralioM of electrically actiee 
copper and the totol omount of copper (oi determined from atomic 
obiorption analysis) for samples doped with copper at 500 
and 600' C 


Temper- 
ature . ‘Ci 

ToU^ copper con- 
centration (cm'' 
(atomic absorption) 

Electrically active 
copper concentration 
(cm-’l iHall elTe. t 

500 

3 4 X UP»> 

10‘" 

50T 

1.6 X 10>* 

S X 10' 

500 

87 X 10»" 

4 3 > 10" 

600 

22 X 10" 

5 V 

6(X 

48 X 10» 

13' 10' 

600 

3 X 10»* 

10 " 

6« 

8 6 X 10’" 

4$ > 10 
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active copper at T = 500*-600*C appears to be in ex- 
cess of 10"‘ cm"’ 

Conclusion 

Ijaltice itcfcct inudeU fur undopcd and copper-doped 
Hg« »Cdu >Tc have been established via Hall effect and 
mobility measurements on crystals equilibrated under 
different partial pressures of Hg at high temperatures 
and quenched to room temperature. According to the 
models, native donor defects are negligible in concen- 
tration, native acceptor defects are doubly ionized, 
and copper acts as a single acceptor occupying Hg lat- 
tice sites. Equilibrium constants for the intrinsic ex- 
citation constant, as well \s the incorporation of the 
doubly ionized native acceptor defects, have been 
establisned. 
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where lA'l, [A”l, [A'“], etc. are the concentrations of 
the singly charg^, doubly charged, and triplv charged 
acct'ptors; a slmliar deflnitlon holds for the donor 
itmi-riilraUuns ID I, |D I, [U ], etc. The multiplying 
factors of 4, 9, etc. In Eq. IA-6| arise because the 
centers are doubly (z =: 2) and triply (s = 3) charged, 
etc. For the case where the undoped and the copMr- 
doped crystals are not compensated (as discussM in 
the main text) we have 

N, = [A'l + 4[A”) + ... [A-7] 

Since the defects are completely ionized at 77 K in both 
the undoped and the copper-doped crystals (see main 
text for details), p' = p (•? K) for the undoped as well 
as the copper-doped crystals. Using Eq. [A-4] and 
[A-5], ai was calculated as a function of p (77 K) for 
^ case of (i) Nj = [A'] = p (77 K) (dominance of 
singly charged centers) and (ii) Ni = 4[A'] =: 2p 
(77 K) (dominance of doubly charged centers) . 

The calculated mobilities due to ionized imp^irity 
scattering for the cases of the dominances of the singly 
charged centers and dominance of the doubly charged 
centers are shown as dashed lines in Fig. 4 and 5. Ex- 
trapolating the hole mobility due to lattice scattering 
to be 700 cm*/Vsec at 77 K the overall hole mobility 
as a function of the hole concentration at 77 K was cal- 
culated by reciprocally combining the mobility due to 
iomzed impurity scattering and that due to lattice scat- 
tering 

1 111. 

l/fiTOT 1- =' rrjr -I f A-8] 

^KUIc* />loBla«l 700 MlonlMd 

The calculated overall hole mobility as a function of 
the hole concentration is shown in Fig. 4 and 5 a: solid 
lines. 

APPENDIX B 

Ttmptratiin Mepemienc* of the Natirt Doner Dtfeet 
Cencaatratran 


APPENDIX A 

Colcahtiens of Holt Mobility atT7 K in Undoped and 
Copper-Doped Hgo tCdojTe 

The decrease c f hole mobility at 77 K with an in- 
crease in the hole concentration in the undoped crystals 
(Fig. 4) indicates that the contribution of ionized im- 
purity scattering to the mobility at 77 K is not negligi- 
bk. 

For a nondegenerate semiconductor with parabolic 
bands, the mobility due to ionized impurity scattering 
as given by the Brooks-Herring expression (21) is 

M = 27^n-5'2 UcT)3'2 (.„.,)* (mo)-*'* (mVm«)-‘'» 


where 

and 


N,-‘ i 


ln(l + b) 


1 + b J 


b = 


24m, (Tn*/m<,)k* (t,*,) 


e’h*P’ 

p’ = p 4- (Na - Wd - P) (P + Nd)/Nk 


[A-11 

[A-21 

[A-3] 


In expressions [A-1], [A-2], and [A-3], k is the 
Boltzmann’s constant, T is the temperature, is the 
free space permittivity. <, is the static dielectric con- 
stant, m, is the free electron mass, (m*/mo) is the ef- 
fective mass ratio of holes, Ni is the number of scat- 
tering centers given by the total number of ionized 
donors and acceptors, e is the electronic charge, and fi 
is Planck's constant. With T = 77 K, (m'/m,) (holes) 
= 07 (34). f, = 17.5 (3) th ■ expression for the mobil- 


ity due to ionized impi""' attering becomes 


n, = 8 X :0"Nr' 1 ln(l 4- b) - 

- \ 

-1 

1 4- b J 

[A-4] 


rmd 



b = 9.42 X 10‘Vp’ 


[A-5] 

In general 

N, = ([A ] 4 - [D 1) + 4([A"1 -1- [D 

] 


4- 9 ([A”] 4- [D 

]) 4- .. 

[A-6] 


Results of Reynolds et al. (23) on Hgo.tCdo.aTe and 
of Schmit and Stelzer (25) on Hgo.tCdotTe indicate 
that the crystals turn n-type below 300°-350’C under 
Hg-saturated conditions and the electron concentra- 
tion under Hg-saturated conditions remains indepen- 
dent of the anneal temperature. 

If the conversion is thought to be due to some sort of 
native donor defects, it remains to explain under what 
circumstances the temperature independence could 
arise. For an explanation of this we consider the fol- 
lowing reactions 

(- AHi) 

Hg(l)-*Hg(g); K) = ph,= (Ki)«exp- 


kT 


Hg(g) -♦ Hg i] + 2e'; K, = 


[Hg i] Ie-]» 
PHg 


[B-1] 


= (K»)o exp (- AHj/fcT) [B-2] 
0-»e' + h ; Kj = [e-] [h ] = (K,)cexp (- AH,/kTV' 

[B-3] 

Two electroneutrality approximations can be consid- 
ered: 


Casel: [e’] ~ [h ] = VKs- 
Case 2: [e'] — 2 [Hg |], 


Case 1: [e ] = [h ]. From Eq. [B-2], [Hg i] = 

K-PHg/le']*. Substituting [e’] = [h ] = VKs from 
[B-3J and for put from [B-1 J, we get 


[Hg ,] = 


K, K, 

K, 


(Ki)o(K,)o 

(Ks), 


exp 


— aHi — AHi 4- aHs 

icT 


If = aHi 4- aHi, [Hg 'll will be independent of 
temperature and the electron concentration under Hg- 
saturated conditions will be independent of temper- 
ature in the cooled crystals. 


R9fn ni 
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Case 2; [e‘] ~ 2 [Hg i] 

From [B-2], 

[Hg ,] =K»Ph,/I«']* 

= KiPhi/ 4 [Hg' ij* 
or 

IHg ,] = (K,Ph,/4)*'* 

/ (Kt)o(K,), V'* - AH, - AH* \ 

= V 4 ) 3kT ) 

Thus if aH| =: — aHi, [Hg i] will be independent of 
temperature and the electron concentration in the 
cooled crystals under Hg-saturated conditions will also 
be independent of temperature. 

It should be noted that while Hg i are considered for 
the native donor defects here, the arguments are simi- 
lar if V T* arc considered instead. 
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ABSTRACT 

Hall effect measurements were carried out on indium-doped Hgo.sCd«.tTe 
crystals quenched to room temperature subsequent to equilibration at 
and 600°C under various partial pressures of Hg. All the indium-doped crys- 
tals were n-type under moderate to high partial pressures of Hg whereas they 
were p-type at very low Hg pressures. The concentration of electrons ob- 
tained in the cooled crystals was lower than the intrinsic carrier concentra- 
tion at the equilibration temperatures. Also the electron concentration was 
much lower than the indium concentration in the crystals and was found to 
increase with increasing Hg pressures at the equilibration temperatures 
and with increase in the total indium present in the crystals. These inferences 
have led to a defect model according to which most of the .idium is incor- 
porated as InjTejlS) dissolved in HgoiCdo.sTe(S) with only a small traction 
of indium acting as single donors occupying Hg lattice sites. Based on such a 
model, calculated electron concentrations in the cooled crystals as a function 
of indium concentration and partial pressure of Hg are in agreement witli the 
experimentally observed values. 


The role of indium as a donor and its influence on 
the native defect structure has been investigated in 

* CI«rtrocbcmlctl Society Active Member 

Key word! defect, Indium doping, Hgi-«Cd<Te, electron mobil- 
ity, •emiconductore 


CdS (1-2) and CdTe (3-4). However, such a syste- 
matic investigation into the mode of incorporation of 
indium and its influence on the native defects has not 
so far been carried out for Hg,-,CdxTe alloys. The 
defect structure of undoped Hgo sCd® gTe, the thermo- 
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dynamic conitanU for the incorporation of the native 
acceptor defects, and the Intrinsic excitation constant 
in Hg« iiCd« tTe have been established In the preceding 
paper (5) hereafter referred to as part I. The present 
work was undertaken to study the behavior of it:dium 
in HgosCdojTe as a function of the physicochemic*! 
conditions of preparation (phs> T, indium concentra- 
tion, etc.) and to explain the properties of the indium- 
doped crystals with the knowledge of the defect struc- 
ture of the undoped crystals (5). 

Experifflantol 

Indium was evaporated onto the surface of the 
undoped Hgo.tCdo.iTe crystals (x = 0.2 ± 0.005) and 
the indium was diffused in at 600*C and pn$ s 10 
atm and at 500'C and png = 3 atm. Diffusion 
times of 24 hr at 600°C and 7 days at S00‘C into 
samples of thickness ^.04 cm were found to be 
adequate for the homogeneous diffusion of indium. 
The concentration of indium in each sample was deter- 
mined from atomic absorption analysis carried out by 
Photometries, Incorporated, Lexington, Massachusetts. 
Tlie residual impurity concentration in the starting 
undoped HgosCdoiTe was ^10'* cm”’. The thicknesses 
of the samples were minimized as much as possible in 
order to improve the quenching efficiency from the 
equilibration temperatures as well as to assure ther- 
modynamic equiUbrium within reasonable equilibra- 
tion times. The equilibration procedure in various Hg 
atmospheres is similar to that described in part I. 
Subsequent to the equilibration, the samples were 
quenched to room temperature; in a few cases the 
samples were air cooled to room temperature from the 
equilibration temperatures. The samples were lapped, 
polished, and etched in Br-methanol solution. Hall 
effect and electrical resistivity measurements were 
made using the van der Pauw method (6). Magnetic 
fleld strengths of 400 and 4000G were used for the Hall 
effect measurements. 

Results 

As mentioned in part I, only those Hall effect re- 
sults which did not vary with the magnetic field and 
thus showed no mixed-type conduction were used in 
evaluating the carrier concentrations in the samples 
using the expression 

1 

n = 

Rnq 

The Hall effect data on all the samples doped to rea- 
sonable concentrations of indium and annealed at 
medium to high partial pressures of Hg showed n-type 
conductivity and the electron concentration in the 
samples at 77 and 300 K did not vary much, indicating 
that the indium was all ionized at 77 K. Figures 1 and 
2 show the electron concentration in the cooled crys- 
tals as a function of the total indium present in the 
samples at T = 500’ and 600‘C for various partial 
pressures of Hg. From the figures, it is apparent that 
the electron concentration in the samples increases 
with an increase in the total indium concentration in 
the samples and also increases as the partial pressure 
of Hg at the equilibration temperatures increases. It is 
to be noted that although the electron concentration is 
a function of the total indium present in the crystals, 
the electron concentration is much lower than the total 
amount of indium present in the crystals. - 

Figure 3 shows the electron mobility at 77 K in vari- 
ous indium-doped samples as a function of the electron 
concentration These mobilities are lower than values 
reported for HgoiCdojTe samples containing low 
donor concentrations (7). 

Figure 4 shows a comparison of the electron concen- 
tration obtained at 77 K as a function of the partial 
pressure of Hg at 500' C for crystals that were doped 
with various indium concentrations and were air 
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Fig. 1. Electron esneantralion at 77 K « a Function of the total 
indium concentration for Hgo.sCdp tie crystok onneoled at 500’ 
end 600* C ender the indicoted partial pretturei of Hg and 
qsenched to ro'jm temperature. 



tAHTIAl. n)ES$U«E OF Hg, tthn 

Fig. 2. Electron concentration at 77 K ei o function of the portiol 
prtiiure of Hg for Hgo.sCdo.jTe crystok doped with rarioui 
ameunti of indium and annealed ot 500’ and 600’C and quenched 
to room temperature. 


cooled or quenched to room temperature. It r, pears 
from the results that higher electron concentrations 
are obtained in the air-cooled samples than in ihe 
quenched samples, the deviations between the two sets 
of samples being greater at lower Hg pressures. 

Discussion 

Ihe approach utilized in arriving at a defect model 
for the indium-doped Hg«|Cdo.sTe is similar to that 
used for the undoped and copper-doped Hg<iiCd«iTe 
in part I. Also any defect model that is established to 
explain the experimental results in the indium-doped 
crystals should be consistent with the observations in 
the undoped and the copper-doped crystals of part I. 

Choice of a defect model . — Based on the value of 
the intrinsic excitation constant Ki arrived at for 
Hg, i«Cdo 2 Te (part I) L-r temperatures between 400*- 
655 C. data shown in Fig. 1 and 2 indicate that the 
electron concentration obtained in the cooled crystals 
is much less than the intrinsic carrier concentration at 
the equilibration temperatures. 

Three different models can be considered to explain 
the electron concentration data shown in Fig. 1 and 2. 

In the first model considered, a fraction of the in- 
dium is assumed to be present as singly positively 
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charged donors occupying Hg lattlca sUtt while the 
rest of it is assumed to be present as negatively 
charged associates of singly positively charged indium 
on Hg lattice sites and doubly negatively diarged 
native acceptor deflects. Most of the indium is as« 
sumed to be self-compensated at given by the electro- 
neutrality approximation 

tin H(] = [(IniifVHt)'] = [lnwtl/2 

For such I model the dependence of [e‘] on [Intot] end 
Ph( is inferred from the reaction 

Je' 4- In Mi + Hg*Hf-* (InM.VMf)' + Hg(g) 

and the mass action constant 

K(l»HiVHf) = [(InKiVMf)']PMi/[*’]*[InHsl [11 

with 

t(InM,VH,)'l = [Inn,] = [In^tl/J 

If] « [IntM]*^Hi^ from [1] 

Although this model qualitatively explains the ereak 
donor activity of indium it predicts an independence 
of electron concentration as a function of the total in- 
dium present in the samples, contrary to the results 
shown in Fig. 1 and 2. 

In the second model considered, most of she in- 
dium is assumed to be present as neutral triplets 
(InHgVHflnHf)* formed by the association of two singly 
positively charged indium donor species on Hg lattice 



fMTiAi mssusi or •%. m 

fif . 4. llecIrM raaCMtrotiea at 77 K as ■ t aac H aa tf tki partial 
WMsare at Hf far errtlab dapad viMi dMfartar iadiaai caacaa- 
tialiaat aad eaaacbad ar air caalad labaaeasol ta aaallibratiaa at 
IW*C 


3 - 


aitea with a doubly nogativoly eharged u tivo Bceap t er 
defect; a sme*' treetioa of ttw indhim is sseumod te be 
present uneseorieted on Hg Inttlao sltaa eeUsig ns 
doimct. 

The reeetlon of iatanet is 
as* + UB-Ha + Hrns-» dnaeVa^nns)* + Kflt) 
and the msne action relatioa is given by 
K(taHtViKbns>* — [(lBiiVxaInns)*]pns/[*']*[lB‘iis]* 

m 

Since sre know that tho electron eonoeatretioa ob- 
tained in the cooled crystals is loss than the intrinsie 
carrier concentration at ths equilibration temperatures, 
the electroneutrality eoniUtion at the equilibration 
temperabires can be appraximatod by 

[risthlavS; 

and for [(InMiVHfInHi/'] - [lnM>t/'d Ba the approxi- 
mation to the indi’un baler 'uation [In-|i|] « 
[IntMl’^Hp^ at thr.‘ equillbt ' 'eniperatures. Al- 
though this model qualitativi .. .sins the variation 
of electron concentration as u . i m of the indium 
in the crystals and the partisj >e of Hg at tha 
equilibration temperatures, the calculated electron 
concentration in the cooled crystals considering the 
complete neutrality condition shoers a much steeper 
dependence on pa. than obaerved experimentally. 
Also, the model predicts the crystals will turn p>type 
even at Hg pressures close to saturation pressures, 
contrary to the results of Fig. 2. 

The third model considered is one where most of 
the indium is amumed to be present as InsTep dis- 
solved in Hgo.iCd«.tTe, with a small fraction of In on 
Hg lattice sites acting as donors. Hie dependence of the 
electron concentration on the indium in the crystals 
and Put can be inferred from the reaction describing 
the incorporation of Inns from the IntTet(S) dissolved 
in Hgo.tC^jTe. 

The reaction of interest is 

In,Te,(8) + Hg(g) -* HrM, + 21n h. + 2e' + 3Te*r, 
The mass action relation is given by 

KuniTtl-liiHg) = tInHp]*le']’/Oi,jT.jPHl [>] 
where ai.,T4 is the activity of ImTeitB). 

For 

is’i = th] = \/R;»tii»Hs] 

ttom relation [S] 

[In Mg) « StasngHpigH K >awr«s**E|i«Tw'*Piis'^ t<l 

where vusth »>d Xiagrw stand for the activity cocfll- 
dent and the mol fraction of lniTei(8) dissolved in 
(Hgp}Cdsj)Te(8). 

In the cooled crystals at 77 K 

[e’Jnx s [In'nsl - tlV"!,! « Xugrn*^Pns^ 

« [lnw]'*PMs'« W 

Hence, the dependence of e* in the cooled crystals on 
the indium concentration in the samples and ths par- 
tial pressure of Hg at the oquilibratlm temperaUures 
is explaiiubto. 

A defect situation whore the crystal is saturated 
with the dopant has been obaerved for iodine-doped 
CdS (6) where OdIt(8) wm present u a pure second 
phase; however, th« concentration of the Mine donor 
species on sulfur lattice sites was independent of the 
activity of Cdls(S), acsig since ocstg wu taken to be 
unity for pure Cdlt(8). In the present case, if the 
IntTei(8) does not dissolve in Mgt.|Cds.|Te(8) but re- 
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meint u • pure second pheie, the activity of IntTe«(8) 
become! unity end the electrically active fraction of 
indium [In H|] become! independent of the activity of 
IniTe, and in turn become! independent of the an.n jnt 
of IntTet(S) or the toUl amount of Indium present in 
the crystals (Eq. [8]-[S]) contrary to our experi- 
mental observations (Fig. 1 and ». However, if 
IntTe«(S) dissolves in Hig.|Cd«.iTe(S), the activity of 
IniTei(S), aiatT*s> becomes a variable, increasing with 
increasing amount of the dissolved InsTei(8) and 
reaching a value of unity when the solubility limit is 
reached, and IniTej(S) becomes a pure second ^tase. 
For such a situation, the electrically active fraction of 
indium [In hi] becomes a function of the activity of 
IntTea(S) and thereby a function of the anwunt of 
IntTea(S) or the total amount of indium present in 
the crystals (Eq. [3]-[S]); the electron concentration 
in the cooled crystals which is directly proportional to 
the amount of the electrically active indium be- 
comes 4 function of the total indium present in the 
crystals (Eq. [5]). Hence the disrolution of IntTes(S) 
in HgoiCdo 2 Te(S) is an essential requirement in ex- 
plaining the depe>'dence of the electron Concentration 
in the cooled crystals on the total indium present in 
the crys ^Is. It should also be mentioned at this stage 
that if indium in interstitial sites is considered to be 
the donor species instead of indium on Hg lattice sites 
the incorporation reaction is written as 

lniTe>(S) + 8Hg(g) -► 2In i + 2e' + 3Hg*Hs + 8Te*r, 
and the mass action constant 

K = [In ,]*(e’]Vo,.s-wPHs* 
lor an intrinsic crystal with [e'l = [h ] = \/K\ 

[In J <x Phs*^i«st«s‘'* 

The electron concentration in the cooled crystals for 
such a situation can be expected to be dependent on 
pHs much more than experimentally obser\red. Als?, 
such a model predicts that the crystals turn p-type at 
Hg pressures close to saturation pressures contrary to 
the experimental results (Fig. 1 and 2) . Thus, in addi- 
tion to the requirement that InsTes(S) be in solid 
solution of Hgo.«Cdo 2 Te(S) the requirement that the 
majority of the electrically active indium be present 
substi^utionally on Hg lattice sites rather than in inter- 
stitial sites must also be satisfied in order to explain 
the experimental results. 

The fact that the experimental results require that 
IntTej be in solution of Hg^.tCdc.sTe up to about 1-2 
mol percent (m^o) is not unreasonable. HgTe, CdTe, 
and InsTej all have zinc blende structures with not 
too largely different lattice parameters (6.4&A for 
HgTe, 6.47A for (^Te, and 6.15A for InsTes) and, in 
fact, it has been established by Woolley et at. (9) 
and Spencer (10) that amounts of up to IS m/o InsTes 
dissolve in HgTe and the energy gap Increases with 
increasing InsTe^ concentration somewhat significantly 
beyond about S m/o. We assume however, that in our 
experiments for InsTes concentration less than 1 m/o, 
the influence on the energy gap of TgosCdosTe is 
negligible. The assumption appears justi i since no 
drastic variation in the concentration or carriers is 
encountered with increasing indium concentration in 
the crystal. Pure InsTes is known to be p-type with 
an energy gap of O .t eV (10) and in fact cue of the 
samples that wu doped to 5 x 10*‘ atonu/cm* of in- 
dium showed excessive InsTes formation and the 
sample was p-type. 

Preliminary x-ray and Auger analysis data also 
seem to support the model of indium being present as 
InsTes (S) dissolved in Hg«sCd«.sTe(S). Auger analysis 
of the surface of a sample containing greater than 
10*' cm”’ of indium indicated the surface to be rich in 


indium and tellurium and the composition eonre- 
sponded to InsTes. X-ray analyses Indicated evidence 
of lattice parametei changes with an increase in the 
concentration of indium from 9 x 10>* cm”* to I x 10** 
cm~* with no evidence of the presence of a second 
phase, whereas clear evidence of the presence of a 
second phase was obtained in samples containing 
greater than 10*> cm~* of indium. Although not en- 
tlroly conclusive, these data seem to support the idea 
that InsTes (8) is soluble in Hgo.sCdo.sTe from 1 to 8 
m/o at 800*-000‘C. 

Analvi'i’ of the carrier concentration in the cooled 
crpstals — Denoting the high temper,, ture defect state 
by subscript HT, die complete elactrcneutrality con- 
dition and the indium balance equation can be written 

as 

(*']ht + 2[V"HflhT = [In'HslHT + (h Iht [8j 

and 

[In'HslHT + 2[InsTes]irr = [Iniotl [7] 

Expressing all the quantities in the electroneutrality 
condition [8] in terms of the mau action constants de- 
fined in part L sve get 

[e']HT + 2 K"vhs [*'^h'i^/Ni* Phs = [Ii'Hsl + Ki/[e']irr 
or 

2[e']’HT K”vhs/Ni* Phs + [e’)*HT 

- [In H,][e']HT-K, = 0 [8] 

Owing to the narrow bandgap of Hgo.sCdo.sTe, the 
correctness of the assumption of Ki = [e'l [h ] s 
constant for a fixed temperature for large donor or 
acceptor concentrations is arguable. Since all our ex- 
perimental results have shown systematic variations 
of carrier concentrations as a functic n of the impos''d 
physicochemical conditions in accordance with the 
mass action approach, we feel our assumption is a valid 
one. 

In the crystals quenched to room temperature from 
the equDibration temperatures 

[e'jriK ;= [In'HslHT — 2[V"Mg]HT 
or 

[e’Jn K = [In'Hsl — 2 K"vhs [«']nr*/Ki*PHf l9] 

values of the mass action constants Ki and K‘*vHf are 
given by (part I) 

Ki = 9.16 X 10*»exp (-O.S'i eV/KT) cm"* [10] 
and 

K' vHs = 188 X 10»*exp (-2.24eV/KT) cm”* atm [11] 

with the knowledge K'vHf and K| (Eq. [8]) gives 
[e’]HT and [V'l.,] as a function of [In'Hs] for various 
partial preasurer of Hg. 

The product of the mass action constant defined by 
Eq. [ 3 ] and the activity of InjTes(S), K<h„t«-uhs) 
ointTts and [e’lrix are also immediately obtained as 
a function of (In hi] from Eq. [8] and [9], respec- 
tively. Comparison of the calculated [e*]n x as a func- 
tion of [In Hil with the experimental values of Fig. 1 
gives the concentration of the electrically active frac- 
tion of indium as a function of the total indium present 
in the crystals as shown in Tig. S. Values of 
K injTM-iii HfiSintTts calculated earlier as a function 
of [In Hf] can then be related to the total indium con- 
centration in the crystals and in turn to the amount of 
IntTei present in the crystals from the indium balance 
Eq. [8]. Figure 8 shows Kn„gTn-if a* a func- 

tion of [IntTeg] present in the crystsis. Since the slope 
of the curves on the log-log scale is different from 
unity, it appears that the activity coefficient of ImTesiS) 
dissolved in HgoiCdo.tTe(S) is not constant, but varies 
with the amount of IntTei(S). Once the values of 
K.iiijTts-iBHf'CinsTfj as a function of lntTe«(8) arc 
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Fif. S. CoacMtraliM *f ttacMcally octi*t MkM at a faacHaa 
tf llw Mai Miaai pntaat la Iht cryilala lat m a w* <• taailiWa- 
liaa at SOO'C Me = 3 alai aa6 at COO'C Put = aM. 



Fit. F. CakalaHd valaa et Hic pro3act «F Hw awn actiea caa- 
tfoat FC(ia 3 Tf]-la'H() a*^ actirity of lajTatCS) la toivliea of 
H»o iC*i jTt(S) (=[la wpraMioB (3] ia the 

tall) 01 0 Faacliea of Ikt coaceatratioa of loiTcj prciml ia Iho 
i»imm-d9pt4 cryitali Mbioaeoat ta taailtbrotion et 500’ eaO 
OOO’C. 

known from Fi(r. 6. it is possible to calculate [e'lnKt 
(e'liiT. IV*h,]mt, If" Hfl. «nd (IniTei] as a function 
of (ln,„,] and Ph* from Eq. (3], [7], [8], and [»]. 

Figures 7 and 8 show the calculated defect con- 
centrations at T = 500’C, Phi = 3 atm, and T = 600’C, 
Phs = 10 atm as a function of the indium concentra- 
tion m the crystals. Calculated values of the carrier 
concentrations in the cooled crystals are also shown 
along with the experimental values. The agreement 
between the calculated values and the experimental 
ones appears satisfactory. The dgures also predict that 
the crystal is essentially intrinsic with most of the 
indium being present as Ir.iTe; with only e ■m(JI frac- 
tion present as single donors occupying Hg lattice 
sites. The concentration of the native acceptor defects 
IS essentially constant in the figures since the partial 
pressure of Hg is kept constant and the rryst^ t 
orsentially intrinsic. 

Figure 9 shows the calculated defect concentrations 
at T — 500' C as a function of the partial pressure of 
Hg for a fixed indium concentration in '.h-e crystal. It 
can be noticed from the figure that although the total 
indium concentration is fixed in the crystal, the amount 
of the electrically active indium varies as a function 
of the partial pressure of Hg as predicted from the in- 



Rg. 7. CakalaMd defect ceaceatralieiit ([e'], [h ], 

[la’Kc]> eed [latTesD at a faacNea ef Itw lalel Mieai ptateei 
ia riie ladlaai deped Heo.iCde.sTe oytlals takeagaeat M agaiRWa- 
tiaa at 900*C aad Ms = 3 etai; de i lii i Haei skew the cakalatsd 
canier eea e e a ttatiea i efctaiaed ia the ceeled cfystab at 77 K; 
esseriaieatel peiatt are eke shave far caaiparfeea. 



Fig. I, Cakaiatad defect ceaceatiatiein ([s'], [h ], (V"n,], 
[la Hel> end [laiTesl) et a faaclioa ef the MIsI iadiaai pntent 
ia the iadiaai-daped Hio.iCde.iTc crytlelt te h tegaeat ta sgailibro- 
fiaa at dOD’C ead PHe = >0 atm; dashed Kaet thaw the cel- 
celaled carrier ceaceatrstioai ehtaiaed ia the ceeled crystah at 
77 K; experiaiealal psiati ate aha theva fer caatsaritaa. 


corporation reaction for Dihi from IhfTejfS) (Sq. 
[3]). The concentration of the native acceptor defects 
(IV'iiil) also varies in Fig. 8 since the partial pres- 
sure of Hg is a variahle. The calculated electron con- 
centration values at 77 K u a function of phc >re in 
agreement with the experimental values shown in the 
figure. The p to n transition in the cooled crystals 
(Fig. 7 through 9) occurs when [In'Hsl = 2 [V”hi]. 

Figures 10 and 11 show the calculated electron con- 
centrations at 77 K for various indium concentrations 
in the crystals at T = 500* and 800*C as a function of 
Phi Agreement between the calculated values and the 
experimental ones appears satisfactory. 
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Fif. 9. Calculattd defect coRcentroHens ([e‘], [h 
[In He3> e"^ [InjTej]) as a fmetian of the porttal oreMare of 
H| of tke eooilibrotion temperotore of 500°C for o filed iadiom 
cooceotsoHon of 1.1 X 10*® cm~* io Hgo.aCdopTe etyitols; 
doshod lines shew She eolculofed carrier eoncentroHons obtained 
in the cooled crrstols at 77 K; eiperimentol points ore also shown 
for comparison. 

It is interesting to note from Fig 8 through 11 that 
even for very high indium concentrations the crystals 
turn p-type under low Hg pressures thus demonstrat- 
ing the complexity of dopant incorporation in defect 
semiconductors. 

Effect of cooling rate on the electron concentrofion. 
—The results of Fig. 4 indicate that the electron con- 
centration obtained in the indium-doped samples 
which are air cooled from 500" C is higher t‘*an in 
the ones quenched from 500°C, the deviation being 
greater at lower Hg pressures This implies that the 
native acceptor defects frozen in the air-cooled sam- 
ples is lower than in the quenched samples, thereby 
increasing the electron concentration in the samples 
air cooled from the equilibration temperatures. It is 
not presently clear why the native acceptor defects 
rather than the indium atoms tend to precipitate out 
during air coding. 

Electron mobility in the indium-doped samples. — 
As shown in Fig. 3, the electron mobility at 77 K in the 
indium-doped samples is on the order of 10^ cm*/Vsec, 
decreasing to lower values for electron concentrations 
exceeding 10'* cm'*. These values are an order of 
magnitude lower than reported previously (7) for 
low donor concentrations (<10'* cm~*). The data 
shown m Fig 3 correspond to various indium-doped 
samples containing indium concentrations varying 
from approximately 5 x 10'* cm“* to greater than 
10*" cm *: these samples also contain doubly ionized 
native acceptor defects varying from 10'* cm"* to 
5 X 10" cm"* in concentrations corresponding to the 



Fig. 10. Coktilelt4 altciron csnctnlratian at 77 K in varieat 
mdiiNB-dagad Hgo.sCdo.tTt ciystnl* « a fanction of the partial 
prauarn of Hg after Hit cryttak art onnoaM at S00*C and 
qa t nebad to rotoi taoiparinira; axpaiimaatal pointt ora aka ibawn 
for campariioa. 



Fig. M. Calculated tltctrpn concentration at 77 K in varieut 
indium-doped Hpo sCd« :Tt ciyttok ot a function of the portiol 
protiure of Hg after the crystoh art onneoltd at 600" C end 
quenched to room ttmperoturc; experimental po'nti arc alto shown 
for comporiton. 


annealing temperature of 500*-600"C under various 
partial pressures of Hg. The large electrically active 
indium concentrations (10'*-10‘* cm"*) and the com- 
pensating doubly ionized native defect concentrations 
probably account for the much lower mobilities. 

Conclusion 

A defect model for indium-doped HgoeCdoyTe has 
been established from Hall effect measurements on 
mdium-doped crystals equilibrated under various par- 
tial pressures of Hg and temperatures and quenched 
to room temperature According to the model, most of 
the indium is incorporated into the crystals as 
InyTejfS) dissolved in Hgo jCdo 2 Te(S) with only a 
small fraction being present as single donors occupy- 
ing the Hg lattice. 
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Lattice Defects in Sei?iiconducting Kg>-xCd<Te Alloys 

III. Defect StrHCture of Undoped Hg Cd Te 

H. R. VydyaiwHi,* J. C Donovan, and D. A. Nolton 
Honxyroell £lectro-Optic< Center, Lexington, MouachnsctU 02173 


ABSTRACT 

Hell effect measurements virere carried out on undoped HbjCdo.oTe dya- 
tals quenched to room temperature subsequent to equilibration at tempera- 
tures varying from 450' to 720*C under various partial pressures of Hg. The 
variation of the hole concentration as a function of the partial pressure of 
Hg indicates that the native acceptor defects arc doubly ionized. Native donor 
defects are found to be negligible in concentration and the p-type to n-type 
conversion is shown to be due to residual donors and not due to native donor 
defects. Thermodynamic constant for the incorporation of the doubly ionised 
native acceptor defect has been established. 


Schmit and Stelzer (1) have reported electrical data 
on HgosCdo 4 Tc crystals annealed at various tempera- 
tures under Hg-saturated and Te-saturated conditions. 
Brcbrick and Schwarts (2) have recently analyzed 
these data on the basis of a defect model that assumes 
all the p-type crystals to be compensated by native 
donor defects and predicts the conversion of p-type 
to n-type in the crystals to be due to native donor 
defects. Conclusions of recent defect structure investi- 
gation in undoped Hgo«Cd«.xTe (3) are in contradic- 
tion to those of Brebrick end Schwartz (2). Since an 
exact power dependence of the hole concentration on 
the partial pressure of Hg at the annealing tempera- 
tures is not possible to evaluate from tiie experimental 
results of Schmit and Stelzer (2), which were done 
under Hg-saturated and Te-saturated conditions only, 
the present work was undertaken to obtain additional 
electrical data at various intermediate partial pres- 
sures of Hg in addition to those of Schmit and Seltzer 
(1). These data have enabled us to establish a more 
precise power dependence of the hole concentration on 
the partial pressure of Hg at the annealing tempera- 
tures; the hole concentration in the cooled crystals has 
been found to vary as phi'*'* indicating that the 
dominant native acceptor defects at the annealing 
temperatures are doubly ionized. Just as for undoped 
HgoxCdoxTe (3) the electrical data in HgosCdo. 4 Te 
have been explained satisfactorily on the basis that 
the native acceptor defects are doubly ionized, that 
the native donor defects are negligible in concenba- 
tion, and that the conversion to n-type in Hg 0 .tCd 0 . 4 Te 

• Electrochcmlcol Society Aetivo Membor. 
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crystals is due to residual foreign donors. The depend- 
ence of the hole concentration on the partial pressure 
of Hg and the temperature of equilibration has led 
to the establishment of the thermodynamic constant 
for the incorporation of the doubly ionized native 
acceptor defect. 

Experimental 

The composition of the crystals used in the present 
work corresponded to x = 0.4 ± QMS. The residual 
impurity concentration was <10** cm~*. In order to 
improve the efficiency of quenching the high tempera- 
ture equilibrium, the thickness of the samples was 
restricted to <0.04 cm. Equilibration periods ranged 
from 24 hr at temperatures >S00*C up to 2-3 weeks at 
450°C. The procedure of equilibrating the samples in 
various Hg pressures and quenching the samples sub- 
sequent to equilibration is identical to that of part I 
(3). It should be mentioned here that while Schmit 
and Stelzer (1) used Te powder along with the sam- 
ples for equilibration under Te-saturated conditions, 
we have used equivalent Hg pressures (4-6). Subse- 
quent to the equilibration, the samples were quenched 
to room temperature. The samples were lapped, pol- 
ished, and etched in Br-methanol solution. Hall effect 
and electrical resistivity measurements were made 
using the van der Pauw method (7). Magnetic fleld 
strengths of 400 and 4000G were used for the Hall 
effect measurements. 

Results 

As mentioned in part I (3) only those Hall effect 
results which did not vary with the magnetic fleld 
and, thus, showed no mixed-type conduction, were 
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uied in evmluatinf the hole eonceatntione in the eam- 
plet uidnf the expremion : 

1 c 

P = — «T 

I 

Hall coettdent aa a (unction of temperature of omo- | 
surement is shown in Fig. 1 fbr undoped (Rgs.sCds.4lTe | 
samples equilibrated at the indicated twnqpieraturca z 

and partial pressures of Eg. It can be interred from i 

the dgure that the ioniation of the native acceptor u 
defects appears to be complete around It0-300K and | 
at higher temperatures in^nsic carriers begin to be- * 

come important. We have used hole concentratiem 
measurements at 192 K to infer the conemtration of 
native acceptor defects present at the equilibration 
temperatures. Figures 2 and 2 show the hde concen- 
tration at 193 K as a (unction of the partial pressure 
of Rg for various equilibration temperatures ranging 
from 4S0* to 720*C. The hole concentration increases 
with decrease in the partial pressure of Hg, but more 
weakly than was found for Hgs.sCdsjTe (p^ I) (2). 

In undoped Hgo.sCds.sTe the hole concentration varied 
as Phs~' (part I), whereas, results of Fig. 2 and 2 
indicate that the hole concentration in undoped 
Hg0.tCd0.4Te varies as and increases with in- 

crease in temperature. 

Figures 4 and 5 show the mobility of holes at 77 and 
192 K as a function of the hole concentration, nie 
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(is. 1. Hall (oeffieioRt at a fviKfia* of uMaturtflitRt IvRipa'S- 
Mrt for oadapod Hf 0 .eCd 0 . 4 Tt MOipIti aRRcaW at the ladkoted 
ItMptrelartt sad portial prettartt af Hf aad fatnehtd to room 
ttaiporatoro. 
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Fif. 2. Hoi* conccRtrolion at 192 K at a fonctien of tk« pattiol 
prottur* of Hf for aodopod Hf 0 .eCd 0 . 4 T* eryttah oRROolod at 
450* ORd 5S0*C ORd fotRclitd to roeoi tORtporotare; etlid Imot 
corrotpoRd to tfc* vrImi cokslotod or Hi* botii of Hm dofoct 
Ri*d*l. 
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Fif. 3. Hoi* coacaattatioR of 192 K at a fooctioR of the portial 
praetor* of Hf for R Rdopod Hf 0 .tCde. 4 T* ciyttolt aaaoolcd ot 
500*, 450*, sad 720*C sad f ao ael u d to rooai tnaptratar*; wild 
liaoe tair et poa d la Hw voloct cakalotad aa th* botit of tfc* defect 
awd*L 



Fif. 4. Hoi* RMfciKty et 77 K 01 0 fsactioa of tfc* k*l* corcor- 
tretioR for sadopod Hm.fCd0.4T*. 
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Fif. 5. Hoi* RiofciKty ot 192 K at o f**cHoa of tfc* hole corc*r- 
trotioR for todepod Hf 0 .eCd 0 . 4 T*. 

hole mobilities at 77 K are lower than those obtained 
for Hgo.iCdo.tTe (parti) (2). 

Discuuion 

The quasichemical approadi used to arrive at the 
defect model has already been described in part 1 
(3) and, hence, is not detailed here. 

.Votive acceptor de/ects.— The fact that the hole 
concentration in the crystals is proportional to 
(Fig. 2 and 3) indicates that the native acceptor de- 
fects are doubly ionized. The formation and ionization 
of these defects can be described by the following 
reaction and mass action relation 

Hg*H,-* V-„, + 2h + Hg(g) ; H"vh* [1] 
K'vh*=: (V-H,l (h ]ipH, [2] 


ORIWN/U, I® 
fl* pr “w r'Mf 
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If ttie electroncutnlity condition ii dominated by 
V*Mc and h' then we have 

(hl-2tV-n,]>[e'] 

From expremien [2] we get 

Ih ] = I2K-vn,]‘'*Piie-‘« 

The dominance of V*h« at the equilibratkm tem- 
peratures implies that the undoped (Hii.sCde.4)Te 
crystals are not intrinsic, unlike undoped (Hgi.sCdsj)Te 
crystals (part I), in Hg4.tCd4.4Te, at the annealing 
temperatures 

[h] =2[V“Hs]>VKi>[e'] 
whereas, in Hgt.tCdt jTh 

21V‘*h,] < [e'] = [h ] VKi (parti) 

Thus, although the native acceptor aspects are 
doubly ionised in both x = 0.2 and x = 0.4 crystals, 
the dependence of the hole concentration on the partial 
pressure of Hg in the cooled crystals is different for 
the two compositions. 

The fact that the intrinsic cerrier concentration for 
the X = 0.2 material is higher than that for the x = 
0.4 is a consequence of the lower bandgap tor the x = 
0.2 material. 

Comparison of present experimental results toith 
previous u>orlc.— -Our experimental results differ from 
those of Schmit and Stelser (1) at higher tempera- 
tures of equilibration as well as for Te-saturated con- 
ditions. We did not observe any decrease in the hole 
concentration at T > 000*C, as found by Schmit and 
Stelser. Also, we obtain higher native acceptor defect 
concentrations (or higher hole concentrations) under 
Te-rich conditioiu than Schmit and Stelser did. It is 
to be noted that the electrical data in Ref. (1) were 
obtained for crystals annealed in Hg vapor and Tct 
vapor, with Hg or Te being at the same temperature 
as Hg4 4Cdo.4Te. It is known that the saturation Hg 
pressure over Hgo.4Cd4.4Te (4-6) is less than that of 
pure Hg itself, the difference being higher at tem- 
peratures greater than 900’ C. Hence, by exposing the 
HgooCdo tTe crystals to saturated-Hg vapor at greater 
than 900* C, in the experiments of Schmit and Stelser 
(1), compositional changes in the samples may have 
arisen. Also, similar arguments apply for anneals in 
saturated Tej vapor, reported in Ref. (1). In addition, 
it is also known (4-6) that the partial pressures of 
Tet over Hg4.4Cd4.4Te under Te-saturated conditions 
are orders of magnitude lower than partial ptessures 
of Hg under Te-saturated conditions. Hence, depend- 
ing on the kinetics of the different equilibration pro- 
cesses and depending on the fact that during the heat- 
up of the samples and the tellurium source, the sample 
may not have stayed within the existence region, 
compositional changes for anneals under Te-saturated 
conditions may also have risen in the experiments of 
Ref. (1). In the present worx, however, equilibrations 
under Te-saturated conditions were done in Hg vapor 
at equivalent partial pressures of Hg (4-6) rather 
than in Tei vapor. As discussed in part I, macroscopic 
defects such as voids, Hg or Te inclusions, etc. can 
affect the quenching efficiency of the cryst^. Pres- 
ence of these may also account for the lower hole 
concentrations obtained by Schmit and Stelxer H). 

p-typt to n-type conversion in vndoped 
<H04.tCd4 4 )Te.— Schmit and Stelxer (1) found the 
undoped (Hg4.4Cd4.4)Te samples converted from p- 
type to n-type under Hg-satursted conditions at tem- 
peratures telow about 290*C. The conversion tem- 
peratures for the two crystals that they experimented 
with were different and the electron concentration in 
both samples wu independent of the equilibration 


temperature at temperatures below the conversion 
temperatures. If the p-typa lo n-type eoavenlQB is 
due to native donor dsdeeta, a temperature dependanee 
of the electron coneentratkm sbmdd be et^ected Just 
as is observed for the bole ooneentration ( 1 ) unkm 
the enthalpies associated with the vaporisation of 
Hg(l), the intrinsie excitation constant, and the in- 
corporation of the native donor defects are of sudt a 
sign and magnitude that the electron concentration 
in the cooled crystals is independent of the anneal 
temperature. For details see Appendix B of pwt I 
However, if the conversion is due to native donor de- 
fects, the p-type to n-type conversion temperature 
should be the same for di^rent samples as long as na- 
tive donor detects are larger in concentration than the 
foreign donors. Thus, even if the temperature in- 
dependence of electron concentration under Hg-satu- 
rated conditioiu can be explained im the basia of 
native donor defects, different convwrskm tempera- 
tures for different samples cannot be explained mdess 
the conversion is due to foreifn donor impurities 
present in the crystals. Hence, the concentration of 
native donor defects in undoped (Hg4.sCd4.4)Te crys- 
tals appears to be negligible and, at least, less than 
lOUem-UtSOO’C. 

Absence of compensation.— While attempting to ex- 
plain the low experimental mobilities of boles in 
(Hg4.4Cd4.4)TC, Scott et al. (8) assumed that all the 
undoped p-type samples were heavily compensated. 
This implied that the compensation medianism in 
their crystals was probably a result of the dominance 
of either Sdtottky defects ([V"h,] = IV' t*]) or 
Frenkel defects (^^*1141 = [^ "il) (2). Evidence of 
any such compensation in our samples is ladring. 
Figure 4 indicates that the hole mobilities at 77 K vary 
(although only weakly) as a function of only the 
hole concentration in the crystals, irrespective of the 
partial pressure of Hg and the temperature of the 
anneal. If thare was any compensation by native donor 
defects, the concentration of these defo^ can be ex- 
pected to be exponentially dependent on temperature 
and the mobility dependence on the hole concentra- 
tion would not have been as linear as shown in Fig. 4. 

It should be pointed out that mobility results similar 
to those of Scott et aL (8) mentioned above, have 
been observed by others (8-14). For instance, electron 
and hole mobilities leu tluui predicted by the Brooks- 
Herring expression for the ionized impurity scattering 
(9) have been reported by Reynolds et al. (10) for 
(Hg4sCd4.t)Te. These authors explain the discrepancy 
to be due to the inadequacy of the Brooks-Herring 
formula for doping levels on the order of 10‘* cm~* 
in the n-type material and of 10>* cm~* in the p-type 
material, and they choose not to invoke compensation 
as the reason. Ionized impurity mobility calculations 
at 77 K in degenerately doped n-type OaAs (11), n- 
type HgSe (12), and p-type Ge (IS) at 77 K v^ere 
the Brooks-Herring formida has considerably over- 
estimated the roobUities due to ionized impurity scat- 
tering have also been reported. Recent calculations of 
Nishizawa et al. (14) for hole mobilities due to ionized 
impurity scattering in (Hge.stCde.islTc yielded values 
4.9 times larger than the experiment^ly measured 
mobilities. According to these authors, the discrepancy 
between the theoretical and experimental mobilities of 
holes due to ionized impurity scattering is a common 
feature of many Mmiconductors. In view of these 
arguments it appears that more thoizmgh calculations 
of hole mobilities in Hgi-iCdiTe alloys are needed. 

Mass action constant K”vwr— Bince the power de- 
pendence of the hole concentration on the partial pres- 
sure of Hg in the cooled crystals does not appear to 
be greater than 1/3, the only dominant speciu at the 
annealing temperatures appear to be the holes and 
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the native acceptor defects ([e'] « [V'litl = 

[h ]/2). Assuming that [h ] =; 2 [V''h.] at the high 
temperature as well as in the cooled crystals, from 
Eq. [3] we get 

K“vh,= ([h]V2)pa, (3] 

Using a procedure of trial and error, an expression for 
K'viu in Ute form of Ae-«^*‘*‘ was arrived at, which 
best explained the experimental results of Fig. 3 and 
3 at various temperatures. Greater emphasis was 
placed on the results at lower annealing temperatures 
with the assumption that results from the highest tern- § 
perature anneals may suffer from a greater quendiing <? 
inefficiency. The value of K'viu evaluated to be ^ 

K'vhi = 8-81 X 10« exp ( -2.29 cV/kT) (cm"* atm) [4] g 

or, in terms of site fractions, (there are 1.33 x 10** | 

molecules/cm* in Hg0.tCd0.4le) | 

K'*vh( = 0.270 exp ( -2.29 eV/kT) site Fr* atm [5] 

The hole concentrations calculated based on this value 
of K'vhi ^ shown in Fig. 2 and 3 as solid lines. The 
agreement between the experimental results and the 
calculated values appears satisfactory. 

Since Hgt.0Cdo.4Te melts at a higher temperature 
than Hgo.gCdoiTe and has a greater bandgap, the en- 
thalpy associated with the incorporation of the doubly 
ionized acceptor defect can be expected to be higher in 
X = 0.4 material than in x = 0.2 material. The en- 
thalpy for X = 0.4 from Eq. [4] is 2.20 eV, whereas, 
that for X = 0.2 material established in part I is 2.24 
eV. 

Since the intrinsic carriers do not dominate the 
electroneutrality condition in x = 0.4 material for 
temperatures between 4S0’-720*C, evaluation of the 
intrinsic excitation constant Ki = [e'][h ] was not 
possible. However, from the results of Fig. 2 and 3 it 
appears that the intrinsic carrier concentration is less 
than 3 X 10‘* cm~* at 450”C and less than 3 x lO't 
cm~* at 720’ C. These upper limits of the intrinsic 
carrier concentrations are lower than those extrapo- 
lated from the empirical expressions for ni for x = 0.4 
in literature (IS). 

Hole concentrations for anneals under Hg-saturated 
and Te-saturated conditions. — With the knowledge of 
the partial pressures of Hg under Hg-saturated and 
Te-saturated conditions (4-6) and the value of K'vhi 
( expressions [4] and [5]) established in the previous 
section, the hole concentrations in the crystals cooled 
to room temperature after anneals at different tem- 
peratures can be calculated from Eq. [3]. Figure 6 
shows the calculated hole concentrations under Hg- 
saturated and Te-saturated conditions. It is to be noted 
that the calculations assume the concentrations of the 
residual donors and acceptors to be negligible in com- 
parison with the native defect concentrations at the 
a,ineal temperatures. Figure 6 shows the experimental 
results of the present work, as well as those of Schmit 
and Stelzer U). It is clear from the figure that 
quenching inefficiencies or the presence of voids and 
inclusions in the material (part I) can cause scatter 
in the data, particularly at higher temperatures. Also, 
the decrease of hole concentration with increase in 
temperature at T > 600’C for Hg-saturated conditions 
observed in Ref. (1) appears to arise from the quench- 
ing inefficiencies and is not a real effect since our re- 
sults show a continuous increase in hole concentration 
with increase of temperature from 450’ to 720’C. 
Residual impurity concentrations were neglected in 
the electroncutrality condition used to arrive at the 
hole concentration caLulations detailed in the pre- 
vious section. At lower temperatures of annealing the 
presence of residual donor concentrations can con- 
siderably affect the hole concentration in the sam- 



Fif. 4. Cakalattd bole cMctiUretiwi Imm ot 192 K at a hme- 
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pies. The Appendix details the calculation of the hole 
concentration in the crystals in the presence of residual 
donors. Such a calculation assuming a residual donor 
concentration of 10>* cm~* is shown as a dashed line in 
Fig. 6. It is clear from the figure that the results of 
Ref. (1) at 375'C under Hg-saturated conditions can 
be explained if the crystals are assumed to have ap- 
proximately 10‘» cm~» re'idual donors. 

The expressions for th.' hole concentrations in the 
cooled crystals as a funchon of temperature for Hg- 
saturated and Te-saturated 'conditions are given by 

(h ] (Hg-saturated) = 3.61 x 10*® 

exp ( -0.58 eV/kT) cm~* [6] 

and 

(h ] (Te saturated) = 3.65 x 10^* 

exp ( -0.33 eV/kT) cm-* [7] 

Isohole concentration plot. — Hole concentration cal- 
culations as a function ot the anneal temperature and 
the partial pressure of Hg as detailed in the two pre- 
v'ous sections enable us to draw lines of constant 
deviation from stoichiometry as a function of tem- 
perature and partial pressure of Hg. A plot of such 
lines of constant hole concentration is shown in Fig. 7. 
The upper and lower Hg pressures within which the 
solid is stable at each temperature were obtained from 
references (4-6). Comparison of this plot with a simi- 
lar one for HgonCdojTe (part I, Fig. 12) indicates 
tliat the concentration of native acceptor defects ob- 
tained in X = 0.4 material is lower than in x = 0.2 
material. The temperature dependence of the hole con- 
centration in the cooled crystals is also shallower for 
X = 0.4 than for x = 0.2 owing to the fact that the 
X — 0.2 crystals are intrinsic at the anneal tempera- 
tures, whereas the x = 0.4 crystals are not. 
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Hole mobility in Hyo.pCdo.tTe. — Figures 4 and S 
show that the hole mobility at 77 K decreases with 
increase in hole concentration whereas it is relatively 
independent of the hole concentration at 192 K indicat- 
ing that the hole mobility at 192 K is almost completely 
dominated by lattice scattering whereas ioniz^ im- 
purity scattering contributes to the mobility at 77 K. 
The absolute hole mobility at 77 K as well as its de- 
pendence on the hole concentration in Hg 0 .tCd 0 . 4 Te are 
less than in Hgo.tCdo.iTe (part I) (3). 

G>nclusion 

Based on the variation of the hole concentration as 
a (unction of the partial pressure of Hg in crystals an- 
nealed at various temperatures and quenched to room 
temperature, the dominant native acceptor defects in 
undoped HgooCdooTe have been established to be 
doubly ionized. TTie mass action constant describing 
the incorporation of the doubly ionized acceptor defect 
explains the experimental results satisfactorily. 
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Electroneutrality condition: 

High temperature 

alV-HsllITS tll ]lIT+ [D ] [A-l] 

Cooled crystals 

[h lLX = a tV“n,]HT - [D ] [A-2] 

Subscripts HT and LT in Eq. [A-l] and [A-2] refer 
to the high temperature and low temperature defect 
states, respectively: [D ] refers to concentration of re- 
sidual donors in the samples, assumed to be always 
ionized and independent of anneal temperature. 

Expressing the species in Eq. [A-l] and [A-2] in 
terms of the mass action constant K'vRg (Eq. [2] of 
main text) we pet 


8K'’vHs/([h ]*HTl)H,) = [h ]kt-I- [D ] 

[h']*HT -t- [h']*Hr[D'] = IK'vBo/Pite [A-3] 
In the cooled crystals 

[h]LT = 2K'’vH«/([h']*HTPHs) — [I^] [A-4] 

with the knowledge cf K'vHf (Eq. [2] cf the main 
text) hole concentration in tee cooled crystals can be 
calculated from Eq. [A-3] and [A-4] for various fixed 
residual donor concentrations in the crystals. 
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Iodine doped single crystal samples of Hgo. 8 Cdo, 2 Te 
were annealed at temperatures varying from 450 to 600*C 
In Hg vapor and quenched to room temperature. Hall 
effect measuretoents at 77 K on the crystals cooled to 
room temperature Indicate the samples to be n-type after 
anneals at high Hg pressures whereas they turn p-type 
after anneals at low Hg pressures; the electron concen- 
tration Increases with Increase In Hg pressure. The 

results are explained on the basis that the crystals are 
saturated with (Hg,Cd)l 2 , with the Iodine being present 
as donors occupying tellurium lattice sites (Ife) 
a fraction being present as (Iie'^Hg)' sP*c1es formed 
from the Iodine on tellurium lattice sites (Ife) 

Ing with the doubly Ionized native acceptor defects 
(vHg). The solubility of the Ifg species Increases 
with Increase In Hg pressure, whereas that of the 
(iTe'^Hg)' species 1nc't;eases with decrease In Hg 

^ This work was supported by NASA under contract 
NAS8- 33245. 
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prtssurt. Equilibrium constant's for the Incorporation 
of the Iodine species as well as the pairing reaction 
have been established. 

Key Mords: Iodine, Mercury Cadmium Tellurlde, II • IV 

compounds, doping. Hall effect. Defect, Electron mob11> 
Ity. 


Introduction 

With the emergence of Hg^.^Cd^Te as a techno- 
logically useful Infrared detector material,^ It has 
become Important to stuc(y In detail the Mture of Impu- 
rities and dopants In this material. As part of a 
program aimed at understanding the physicochemical prop- 
erties of undoped and doped Hg^.^Cdj^Te compounds,^ 
the defect structures of undoped Hgo.|Cdg, 2 ^^* 
undoped HgQ^(Cdo^i,Te, copper doped, and Indium doped 
^^So.e^o.aT* *'*'*« reported recently.*-* The 
present work was undertaken to extend such a defect 
structure Investigation to Iodine In Hgo.aCdo. 2 ^*> 
Halogens have been known to be donors occupying chal co- 
gen lattice sites In II-VI compounds.* In the present 
work, the defect state prevailing In the Iodine doped 
samples at the annealing temperatures Is deduced from 
the Hall effect measurements on the crystals cooled to 
77 K from the annealing temperatures. The results 
obtained are similar to those found for Iodine doped CdS 
established from In situ high temperature Hall eff^t 
measurements previously;^ Iodine acts as a single donor 
occupying Te lattice sites with a fraction paired with 
the native &...eptor defects. The crystals are saturated 
with the metal Iodide which Influences the Incorporation 
of the Iodine donor species on tellurium sites as ’well 
as the (iTe^Hg)' species, which result from the 
Iodine on tellurium sites pairing with the doubly 
Ionized native acceptor defects. The concentration of 
the Ife species Increases with Increase In the partial 
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pressure of Hg, Mhereas that of the pair species 
Increases with decrease In the partial pressure of Hg. 

Ihe equilibrium constants evaluated for the Incorpora- 
tion of the Isolated Iodine species as well os the 
lodin Hg vacancy pairs satisfactorily explain the 
experimentally observed carrier concentration data. 

Experimental 

Iodine doped Hgo,eCdo, 2 ^c crystal was grown by 
the solid state recrystilllzatlon method.^ The total 
amount of Iodine In the starting charge material was 
approximately 10*° cm"’. Single crystal slices of 
^* 9 o.eCdo, 2 Te were cut f.om the larger boule. The 
slices were lapped down to thicknesses of less than 0.04 
cm and were subsequently polished, etched In -Br metha- 
nol, and rinsed In DI water. The samples were annealed 
In evacuated quartz ampoules containing some Hg also to 
obtain the desired Hg pressure.’ The annealing experi- 
ments were carried out within certain limits of partial 
pressure of Hg set by the phase boundary limits for 
Hg 0 .eM 0 . 2 Te (S).’ Typical anneal times used were 
24 hours at temperatures of 600*0 and higher, 3 days at 
550*C, 7 days at 500‘C, and 4 to 6 weeks at 450*C. 

These equilibration periods appeared satisfactory for 
the complete homogenization of the samples. Subsequent 
to the anneals at the high temperatures, the ampoules 
were quenched In Ice water. Hall effect and electrical 
resistivity measurements were made using the van der 
Pauw technique. Magnetic fields of 400 and 4000 gauss 
were used for the Hall effect measurements. 

Results 

In order to ascertain an unambiguous evaluation of 
the carrier concentration, only those measurements where 
the Hall effect did not vary with the magnetic field 
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Merc used in determining the carrier concentration In 
the samples.’ Die carrier cond^.itratlon Mas calculated 
using the expression: 


n or p 


1 



The hole concentration In the p>type samples and the 
electron concentration In the n>type samples did not 
vary Mith the temperature of measurement varying from 
77 K to 14S K, thus Indicating that the Iodine donor 
species as mcII as the Icdine acceptor species and the 
native acceptor defect species are all Ionized at 77 K; 
all the carrier concentration measurements Here carried 
out at 77 K to deduce the defect state at the annealing 
temperatures. 

Fig. 1 shows the carrier concentration at 77 " In 
the Iodine doped samples as a function of the partial 
pressure of Hg at the various annealing temperatures. 

It is apparent from the figure that the samples are 
n-type und<.T Hg rich conditions whereas they turn p-type 
at lower Hg pressures similar to the observer:* In the 
Indium doped samples.** Also, the electi . itratlon 

appears to Increase with Increase In the Hg pressure 
.{ust as was observed for the Indium doped samples.** 

Fig. 2 shows the electron mobility at 77 K as a 
function of the electron concentration In the samples. 
The magnitude of the electron mobility Is similar to 
that observed In the Indium doped samples** for compara- 
ble electron concentFatlons. 

Discussion 

Iodine can exist In two forms, namely as a single 
donor occupying Te lattice sites If^ or paired with 
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Fig. 1. Carrier Concentration at 77 K as a Function 
of the Partial Pressure of Hg for Iodine 
Doped Hgo.$Cd(,, 2 Tc Samples Annealed at 
Various Temperatures and Quenched to Room 
Temperature; Solid Lines Show the Calculated 
Electron Concentrations While the Dashed Lines 
Show the Calculated Hole Concentrations. 
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Fig. 2. Electron Mobility at 77 K as a Function of the 
Electron Concentration for the Iodine Doped 
Mgo.eMo.a'^e Samples. 
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the doubly Ionized native acceptor defects as 
(Ij^V^g)'. The following Inferences can be drawn 
from the experimental data: 

1. The concentration of Iodine In the start- 
ing charge was on the order of 10^° 
cirr^, whereas the maximum electron con- 
centration In the doped samples Is only on 
the order of lO'® cm*^. 

2 . The concentration of electrons obtained at 
77 K is less than the intrinsic carrier 
concentration^ at the annealing tempera- 
tures. 

3. The concentration of electrons increases 
with increase in the Hg pressures. 

4. The hole concentration In the p-type sam- 
ples at low Hg pressures is close to that 
obtained in the undoped samples.^ 

Several defect situations can be considered to explain 
the experimental data; 

life] ” [^TOt] * constant and the 
crystal is intrinsic at the annealing 
temperatures. In the cooled crystals 
le‘] = [iTel l^Hg]- Such a model 
would predict an electron concentration 
independent of the partial pressure of Hg 
particularly at lower temperatures and 
higher Hg pressures for which conditions 
the native acceptor defect concentration 
Is expected to be less than the concentra- 
tion of the electrons obtained in the 
crystals. The experimental data are in 
disagreement with this model. 
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2 * Uiel “ [(iTe^Hg)'! ■' (Itot/ 2 ) 
and the crystal Is Intrinsic at the 
annealing temperatures. In the crystals 
cooled to 77 K, [e*I ■ [ijj] minus 
[(iTeVng)']* 1 h Is model predicts an 
Independence of the electron concentration 
as a function of the partial pressure of 
Hg particularly at the highest Hg pres- 
sures contrary to the observed results. 

3 . Hie crystals are saturated with Iodine 
with the formation of (Hgo. 8^0.2)12 
as the second phase. Ihe concentration of 
ife ss well as (Ire^Hg)' depends on 
the partial pressure of Hg with [ifel 
varying as PHg+*/^ and [(Iie^Hg)'! 
varying as PHq**/^. Ihe incorpora- 
tion reactions of interest are: 


A. Hg(g) + (Hgo .8Wo;2)l2(S) 

— 2 . 2e' . 1.8 Hgj;, * 0.2 Cd|Jg 


Te 


^Hg (Hgo.8Cdo.2)l2 


( 1 ) 


where a(Hgo^gCdo 2)12 refers to the 
activity of the (Hgo .eCdo. 2)12(5) 
phase. 


As long as the partial pressure of Hg is 
within the phase boundary limits for 
(Hgo .eCoo.2)Te(s)® the composition can 
be assuned to be constant and hence 

[Hgfig] « 0.8 and [Cd{^] - 0.2 
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[It;] 

^Hg (Hgo.gCdQ^jJla 


119 


( 2 ) 


For an intrinsic crystal [e' ] * [h‘] « 
/K,. Since the crystal is saturated 
with iodine and (Hgo. 8 ^ 0 . 2)12 exists 
as a pure second phase, a(HgQ gCdo 2 ) 12 * 
the activity of the metal iodide is unity 
and hence [Ijel “ 
action relation (2). 

'• ‘t;* S'l'reS'' 

I I'lel 1%I (3, 

C. 0 ♦ e' + h* 

K, ■ (e'J [I.'] (4) 

0. Hg„J • V|,j * 2 h‘ ♦ Hg (g) 

"vHg • 1%! l"'l' "Hg '*> 


combining mass action constants (2), (3), (4) and (5) we 
get 


■"('Te''Hg>' 


1/2 1/2 .. , , 1/2 

2 [e' I . 


(Hgo.eI^o.2)l2 


( 6 ) 
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For an Intrinsic crystal with 


[o' 1 ■ [h*] ■ /K^ and 

*(H9o.eCdo.2)l2 • 1 ^or a pure 
second phase of (Hgo,eCdo.2)l2 


1(1 


Te% 


)'] « P 


Hg 


from mass action relation (5). 


This last model Is similar to that established for 
Iodine doped Cds’ where Cdl2 was assumed to be present 
as a pure second phase. Similarity between the Indiun 
doping** and Iodine doping in Hg0.eCd0.2Te is also 
worth noting. In the Indium doped crystals the samples 
are intrinsic at the annealing temperature with the 
electron concentration increasing with Increasing Hg 
pressure; however. In that case the dopant compound 
In2Te3 is present as an unsaturated solid solution with 
*102X63 The activity of the metal telluride being 
variable, whereas In the present case the solution of 
(Hg,Cd)l2 is saturated with a(Hg*o.eCdo.2)l2 * 

Analysis of the Carrier Concentration in the 
Cooled Crystals 

The various species to be considered in the elec- 
troneutrality condition are e* , h*, v/jg, ijg and 
( ^Te'^Hg) ' • 

The complete electroneutrality condition is written 
as: 


! 

I 


[e*] + 2 [r^^] * IdTeV'^ “ 


I 
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Expressing the various species In terms of the mass 
action constants defined in relations 1 through 5 we 
get: 


1/2 


1/2 

K... [e'] 


[e’ ] + + 


•"i' PHg 


1/2 


1/2 1 / 21/2 

%e'^« 

[e-] 


=0 f8) 

(«■] 


with some simplification we get: 


[e*]^ 2K" p-* 

'■ •' VHg ^Hg 


[e’l- 


r 1/2 1/2 

2 Si V )*S 

Te Hg Te 
]♦ 1 


K 2 
i 


K p 
i Hg 


1/2 


K" 

v;ig 


1/2 1/2 1/2 
V -H, 


(9) 


In the crystals cooled to 77 K 
[e* j?? ^ or [h \i^ ^ ‘ 

( 10 ) 

The concentrations [VHg]* [(lle'^Hg)'] [^Te] 

in Equation (10) are given by the second, third, and 
fourth terms of Equation (8), respectively. Of the four 
mass action constants in Equations (8) and (9), values 
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of the two constants Ki and Ky^g are known from the 
work on the undoped crystals^ and are given by 

- 9.16 X 10f*“ exp (-0.57 eV/kT) enr* (11) 

K" - 1.58 X 10*’ exp (-2.24 eV/kT) err’ atm (12) 
VHg 

The values of the constants and Kp(ij^VHg)' 
were optimized by a procedure of trial and error until 
the calculated carrier concentration as given by Equation 
(10) agreed best with the experimental results, as a 
function of the partial pressure of Hg at various temper- 
atures. The values of the mass action constants 
and •^p(l 7 gVng)' established from the present work 
are given by 

K, = 2.8 X 10*^ exp (1.434 eV/kT) cm-‘^ atm"* 

*Te (13) 


and 

.21 , 

Kp,i y » 3.77 X 10 exp (0.445 eV/kT)cm’ 
'‘Te'^Hg^ (14) 

or, in terms of site fractions (there are 1.26 x 10^^ 
molecules cm*’ in Hgo.eCdo.aTe) 


-2 5 . -i 

K, = 1.1 X 10 exp (0.717 eV/kT) site Fr^ atm 
^Te (15) 

and 

^P(lTgVHg)‘ » 47.5 exp (0.445 eV/kT) site Fr (16) 

The calculated defect concentrations as a function of 
the partial pressure of Hg at various temperatures are 
shown in Figs. 3 through 6; the experimentally obtained 
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Fig. 3. Calculated Defect Concentrations {[e'], [h*], 

Function of the Partial Pressure of Hg for 
Iodine Doped Hgo. 8 Mo. 2 fe Annealed at 600°C 
and Quenched to Room Temperature; Calculated 
Electron and Hole Concentrations Expected at 
77 K (indicated by solid and dashed lines 
respectively) are Also Shown Along with the 
Experimental Points. 
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Fig. 4. Calculated Defect Concentrations ([e‘], [h*]. 
die]. CdTeVHg)’] and CV"Hg]) as a 
Function of the Partial Pressure of Hg for 
Iodine Doped Hgo,eCdo. 2 Te Annealed at SSO’C 
and Quenched to Room Temperature; Calculated 
Electron and Hole Concentrations Expected at 
77 K (indicated by solid and dashed lines 
respectively) are Also Shown Along with the 
Experimental Points. 
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Fig. 5. Calculated Defect Concentrations ([e'3, th*3i 
[lie]. [OleVHg)*] and [V“Hg]) as a 
Function of the Partial Pressure of Hg for 
Iodine Doped Hgo , 8 Cdo. 2 Te Annealed at 50D°C 
and Quenched to Room Temperature; Calculated 
Electron and Hole Concentrations Expected at 
77 K (Indicated by solid and dashed lines 
respectively) are Also Shown Along with the 
Experimental Points. 
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Fig. 6. Calculated Defect Concentrations ([e‘], [h*], 
die]. CdTeVHg)*] and d"Hg]) as a 
Function of the Partial Pressure of Hg for 
Iodine Doped Hgo.BCdo.aTe Annealed at 450“C 
and Quenched to Room Temperature; Calculated 
Electron and Hole Concentrations Expected at 
77 K (Indicated by solid and dashed lines 
respectively) are Also Shown Along with the 
Experimental Points. 
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carrier concentration*; are also shown In the figures. 
The agreement between the calculated values and the 
experimental results appears satisfactory except near 
the p*n transition points. Inadequate quenching can 
explain the discrepancy somewhat. Near p-n transition 
die] ■ 2 (VHg]+((lTeVHg)‘ ]. If the quenching 

Is Inadequate, the sample may spend sufficient time at a 
lower temperature (between room temperature and the 
anneal temperature) where the pairing reaction between 
Ijg and V}}g Is promoted with the result that the 
partial pressure of Hg at »d>1ch p-n transition occurs 
moves to lower Hg pressures. As can also be noted from 
the figures, the concentration of the Iodine donor 
species Increases with Increase in the partial pressure 
of Hg whereas the opposite Is true for the iodine 
acceptor species. The concentration of the native 
acceptor defects is essentially the same as in the 
undoped crystals^ since the concentration of Iodine in 
the crystals Is Insufficient to make them extrinsic; the 
crystals are Intrinsic just as the undoped crystals are 
under similar physicochemical conditions,* 

Coulombic Value for the Enthalpy of Pairing 
Between Ijg and Vug 

The pairing constant Is written as: 

.1 

Kp - Kp* exp (-Hp eV/kT) (Site Fr) (17) 

Hp, the enthalpy of pairing can be calculated on the 
basis of coulombic attraction between If^ and v||g 

-2q2 

H (reference 11) (18) 

• F cr 

where c Is the static dielectric constant, r is the dis- 
tance between Ijg and V(Jg. The factor 2 arises 
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because of the double charge on Vng. For 
H9o.aWo.2Te» e ■ 17.5' and f ' - 2.8 A" 

(^3/4 times ao * 6.46 A). calculated value based 
on the coulombic calculations turns out to be 

Hp • -0.581 eV 

This value Is deemed to be close to the value of -0.445 
eV [expressions (14) and (16)] calculated by us from the 
experimental data. 

Solid Solubility of Iodine in 

l*9Q.iC<lQ.eTe 

The carrier concentration data shown in Pig. 1 
Indicate an increase of electron concentration at 77 K 
with decrease In the annealing temperature for compara- 
ble Hg pressures, implying an increase of the solubility 
0 * the Ife species with decrease in temperature. 
Fearing that complete equilibration may not have been 
attained at the lower temperatures, (particularly with 
regard to the Iodine species) Hall effect measurements 
were carried out on several samples which were thermally 
cycled from the lower temperature to higher temperatures 
and vice versaj the resulting carrier concentrations 
were Independent of the prior thermal history thus con- 
firming the validity of the experimental results of 
Fig. 1 showing a negative temperature dependence of the 
solubility of Ife species In HgQ,gCdo^27^®* ^^le 
negative temperature dependence of [Ife] *'^''ses from 
the negative temperature dependence of the mass action 
constant (relation 15) which Is not surprisin.j 

considering the large entropy of Hg (g) (reaction A). A 
negative AH Is also not surpr;s1rg considering that Hg 
without Interaction as It Is in Hg (g) Is changed to Hg 
Interacting with Te v/hen in solid solution (reaction A); 
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the entropy works the other way, decreasing the solu- 
bility with increasing temperature. The calculated 
defect isotherms shown in Figs. 3 through 6 do predict 
an increase of the total amount of Iodine in solid 
solution of Hg 0 .BCd 0 . 2 Te ([iTot] “ [iTel + 

[(iTe^Hg)']) with decrease in temperature thus 
accounting for the experimental results of Fig. 1. 

Electron Mobility 

The values of electron mobility shown in Fig. 2 for 
the iodine doped samples are comparable to those 
obtained for indium doped samples'* for similar electron 
concentrations. Hie data in Fig. 2 appear to indicate 
that the mobility initially increases with decrease in 
electron concentration, and decreases with decrease in 
electron concentration for electron concentrations less 
than about 2 x 10*’ cm*^. A qualitative explanation for 
this can be elucidated from the defect concentration 
isotherms shown in Figs, 3 through 6. As can be noted 
from these figures, for electron concentrations greater 
than 2 X 10*’ cm"^ the doubly ionized native acceptor 
defect concentration is negligible compared to the 
singly Ionized Iodine species and the mobility is essen- 
tially dominated by the Iodine species, and thus the 
mobility decreases with increasing electron concentra- 
tions originating from increasing iodine donor concen- 
tration. For electron concentrations less than 2 x 10*’ 
cm* , the concentration of the doubly ionized native 
acceptor defects (V^g) becomes dominant enough to con- 
tribute to ionized impurity scattering. Since these 
scatter four times more strongly than the singly ionized 
Iodine species, the electron mobility decreases with 
increase in the concentration of these native acceptor 
defects and thereby with decrease in electron concentra- 
tion. 
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Conclusion 


Iodine acts as a single donor occupying tellurium 
lattice sites (I^e) ^ large concentration exists 

as (iTe^Hg)' with the doubly ionized native 

acceptor defects. Equilibrium constants have been eval- 
uated for the incorporation of the Iodine species as 
well as for the Iodine-native acceptor defect pairing. 
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Mode of Incorporation of Phosphorus In Hgo. 8 lCdo. 2 Te* 

H.R. Vydyanath and R.C. Abbott 
Honeywellt Inc. 

Electro Optics Operations 
2 Forbes Road 
Lexington, Mass. 02173 


Single crystal samples of phosphorus doped Hg 0 .aCd 0 . 2 Te were 
annealed at temperatures varying from 450“C to 600®C in different partial pres- 
sures of Hg. Hall effect and mobility measurements were performed on the 
samples cooled to room temperature. All the samples were found to be p-type 
with the hole concentration being much less than the total amount of phosphorus 
present in the crystals. The hole concentration was found to increase with in- 
crease in partial pressure of Hg in contrast to the behavior observed in 
undoped crystals. Also, the hole concentration obtained in the doped samples 
at low Hg pressures was less than that in undoped crystals. The 77 K hole 
mobility of the doped samples was similar to that of undoped sampi's. All 

these inferences indicate that phosphorus behaves amphoterical'y in 
Hgo. eCd 0 . 2 Te(s) acting as a single acceptor occupying interstitial and 
tellurium lattice sites at high Hg pressures and as a single donor occupying Hg 
lattice sites at low Hg pressures; at intermediate Hg pressures, the majority 
of the phosphorus appears to be present as electrically neutral pairs former 
fnom the association of the interstitial and substitutional phosphorus species, 
(^f^Hg)*. At low Hg pressures, a large fraction of the phosphorus 
appears to be present as (Png^Hg)' «nd (PNg^Hg)’* 
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Thermodynamic constants evaluated for the Incorporation of the various phos 
phorus species satisfactorily explain the experimental results. 

Key words: II-VI compounds, Hgo. 8 Cdo. 2 Te, phc'iphorus doping, hole mobll 

Ity, defects. Ionized Impurity scattering. 
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The mode of incorporation of phosphorus In CdTe has been studied in 
detail by Selim and Kroger [1] who correlated their own electrical data with 
the diffusion and solubility data of Hall and Woodbury [2] to arrive at the 
defect state. According to their findings, phosphorus behaves amphoterical 1y 
in CdTe acting as an accepter interstitially (p'i) and on Te lattice sites 
(P'Te) and as a triple donor on Cd lattice sites (Pcd ); at high phosphorus 
concentrations, a large fraction was found to be present as neutral associates 

w 

(^Cd^i) • In this paper we have undertaken to examine the role of 
phosphorus in Hgo. 8 Cdo. 2 Te via Hall effect and mobility measurements on 

phosphorus doped crystals quenched from 450-600“C subsequent to anneals in dif- 
ferent partial pressures of Hg. The results indicate that the behavior of 

phosphorus in Hgo. 8 Cdo. 2 Te is similar to that established for CdTe [1] 

except that all the electrically active phosphorus defect centers in 
Hgo. 8 Cdo. 2 Te appear to be only singly ionized. At low Hg pressure, phos- 
phorus is incorporated as a single donor occupying i:i lattice sites (Pfig) and 
at high Hg pressure as a single acceptor on interstitial sites (P'i) and Te 
lattice sites (P'je)* At moderate Hg pressures, a large fraction is found to 
be present as neutral pairs (PHgPi)** At low Hg pressures, electri- 
cally active associates (PHgVHg)' and (PKgVHg)* appear to be present in 
appreciable concentrations. The equilibrium constants established for the 
incorporation of the various phosphorus defects explain the experimental 

results satisfactorily. 
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Preparation of the Phosphorus Doped Crystals 

A phosphorus doped Hg 0 .eCd 0 . 2 Te ingot was grown by the solid 

state recrystallization method [3], Phosphorus corresponding to a concentra- 
tion of 10 cm was added to the starting charge. Single crystal slices 
were then cut from the bou1e. The slices were lapped, polished, etched in Br 
methanol and rinsed in DI water prior to the anneals. 

B. Hg Vapor Anneals 

The samples were annealed in evacuated quartz ampoules containing 
some Hg to obtain the desired Hg pressure [4]. In isothermal anneals, the par- 
tial pressure of Hg was dependent on the amount of Hg and the volume of the 
ampoule. In non-isothermal anneals, the partial pressure of Hg was determined 
from the temperature of the Hg. The limits of Hg pressure-witr'n which 

^ 90 . eCd 0 . 2 Te(s) is stab1e--were obtained from the partial pressure data of 
Tung et al. [5]. In order to assure ourselves of equilibration within reason- 
able annealing times, the sample thicknesses were restricted to less than 0.04 
cm. Annealing times ranged from 72 hours at 550 to 600®C to 7 days at 500“C and 

approximately 4 to 6 weeks at 450*’C. These annealing times appeared Lo be 

satisfactory for complete equilibration. Subsequent to the equilibration in Hg 
va^or, the ampoule containing the sample was quenched in ice water. 
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Hall effect and electrical resistivity measurements were carried out 
using the Van der Pauw method [6], Magnetic field strengths of 400 gauss and 
4000 gauss were used for the measurement of the Ha11 coefficient. 

D. Chemical Analysis 

The concentration of phosphorus In the samples was mass spectrograph- 
Ically analyzed (Photometries Inc., Woburn, Mass.) and the concentration deter- 
mined from the analysis was close to what had been added to the starting 
charge within - 20X. 


Ill,' Results 


Only those Hall effect data where the Hall coefficient did not vary 
with the magnetic field were used In evaluating the carrier concentra ion. 
This procedure ensured that the samples did not exhibit mixed conduction "7] 
and thus an unambiguous evaluation of the carrier concentration was possible. 
The carrier concentration was evaluated using the expression: 


1 



Figure 1 shows the Hall coefficient as a function of the temperature 
of measurement from temperatures below >7 K to 300 K for phosphorus doped 
samples annealed at various temperatures In different partial pressure of Hg. 
The data Indicate that the phosphorus centers are all Ionized at 77 K; 
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Figure 1. Hall Coefficient as a Function of Temperature of Measurement 
for Phosphorus Doped (10^® cm'®) Hgo. 8 Cdo. 2 Te Crystals 

Annealed at Different Temperatures under Various Partial 
Pressures of Hg and Quenched to Room Temperature* 
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therefore all the Hall measurements were carried out at 77 K and the resulting 
hole concentration was assumed to give a measure of the concentration of the 
defects at the higher annealing temperatures. 

Figure 2 shows the hole concentrations obtained in samples doped with 
lO'^cm"^ of phosphorus which were annealed at various temperatures in differ- 
ent partial pressures of Hg; the data shown in Figure 2 are replotted in 
Figures through 6 for different temperatures of anneal. Additional data 
shown in these figures include the hole concentration and hole mobility 
obtained in the undoped samples as well as the hole mobility in the phosphorus 
doped samples, all of which are plotted as a function of the partial pressure 
of Hg. 


Several inferences can be made from the results of Figures 2 
through 6. They are: 

(1) The hole concentration in the phosphorus doped samples is lower 

than the total concentration of phosphorus in the samples and 
lower than the intrinsic carrier concentration for 

Hgo. gCd 0 . 2 Te(s) at the temperatures of annealing reported 
here [4]. 

(2) The hole mobility in the phosphorus doped samples increases with 
increasing partial pressure of Hg just as is the case for 
the undoped samples. 
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figure 2 , Hole Concentretton at 77 K a!> a Function of the Partial Pressure 
of Hg for Phosphorus Doped (10^*cm'*) Hgn gCdo^ 2 ^* Crystals 
Quenched to Room Temperature After Annealing at Different 
Temperatures. 
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PARTIAL PRESSURE OF Hfl, atm 

Figure 3. Hole Concentration and Hole Mobility at 77 K as a Function of 
the Partial Pressure of Hg for Phosphorus Doped (lO'^cm'^) 
Crystals Quenched to Room Temperature After 
Annealing 450°C. Similar data are shown for undoped samples 
annealed at 460°C [Reference 4], The solid and the dashed lines 
show the calculated hole concentrations to be expected in the 
doped and the undoped samples on the basis of the defect model. 
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Figure 4, Hole Concentration and Hole Mobility at 77 K as a Furrtlgn of 
the Partial Pressure of Hg for Phosphorus Doped (10^ 
and Undoped [Reference 4] HgQ,gCdo, 2 ^^ Crystals benched to 
Room Temperature After Equilibration at JOO^C; the solid and the 
dashed lines show the calculated hole concentrations to be 
expected In the doped and the undoped samples on the basis of 
the defect model. 
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Figure 5. Hole Concentration and Hole Mobility at 77 K as a Function of 
the Partial Pressure of Hg for Phosphorus Doped (lO^^cm”^) 
and Undoped [Reference 4] Hgo. 8 Cdp. 2 Te Crystals benched to 
Room Teuperature After Equilibration at 550“C; the solid and the 
dashed lines show the calculated hole concentrations to be 
expected In the doped an the undoped samples on the basis of 
the defect model. 
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HOLE MOBILITY, cm /Vs (77 K) 




HOlE CGMCENTRATION, cm •' (77 K) 



figure 6. Hole Concentration and Hole Mobility at 77 K as a Function of 
the Partial Pressure of Hg for Phosphorus Doped (10'*cm"*) 
and Undoped [Reference 4} Hgo.eCdo >Te Crystals benched to 
nooffl Temperature After Equilibration at 600**C; the solid and the 
dashed lines show the calculated hole concentrations to be 
expected In the doped and the undoped samples on the basis of 
the defect model. 
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(3) The hole concentration In the phosphorus doped samples Increases 
with Increasing partial pressure of Hg; the hole concentrations 
at high Hg pressures are higher than found In the undoped 
crystals. 

(4) The hole concentration In the samples annealed at GC0°C and 
450“C under very low Hg pressures Is less than that obtained In 
the undoped samples for comparable annealing conditions. 
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IV. DISCUSSION 


A. Defect Equllibrlt 

The way In which the concentration of defects varies as a function of 
the total phosphorus concentration In the crystals, temperature and partial 
pressure of H 9 (g) (or partial pressure of Te 2 ( 9 )) Is well described by the law 
of mass action approach pioneered by Kroger and Vink [8-9]. The defect struc- 
tures of undoped Hgo. 1 Cdo. 2 Te and Hg 0 . eCd 0 . iiTe , Indium doped and Iodine 
doped Hg 0 .aCd 0 . 2 Te have already been established using this approach 
[4,10-12], In such an approach, the various defect formation reactions are 
formulated along with the respective mass action constants. All the species In 
the electroneutrallty condition and the phosphorus balance equations are then 
expressed in terms of one of the phosphorus species, electrons or holes and the 
various mass action constants. For given values of the various mass action 
constants the solution of the electroneutrallty and the phosphorus balance 
equations yields the concentration of all the defects as a function of the 
tempera>ure of anneal, partial pressure of Hg and t concentration of phos- 
phorus. Although exact solutions are sought using « feet model, the choice 
of the various possibilities Is Initially reduced by considering only the domi- 
nant members of the electroneutrallty condition and approximating the phos- 
phorus balance equation. When such approximations are used, simple solutions 
for the variation of the defects as a function of the partial pressure of Hg 
an^ phosphorus concentration fall out of the mass action relations; solutions 
will be of the form concentration ■ p'*Hg[PTot3* where r and s are Inte- 
gers or fractions. The defect formation reactions along with the mass action 
relations, the electroneutrallty .rtdltlon and the phosphorus balance 
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equation are all listed In Table l. Only those defects which were found to 
Important as a result of the present work are shown In Table i. Table ii 'ist.s 
the exponents of the partial pressure of Hg and the phosphorus concentration 
for all the defects for various approximations to the electroneutrality condi- 
tion and the phosphorus balance equation. 
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Table U VARIATIOHS OF THE DEFECT COHCENTRATIOHS AS A FUNCTION OF p AND/OR PHOSPHORUS CONCENTRATIONS FOR 

Hg 

VARIOUS APPROXIMATIONS TO THE aECTRONEUTRALITY CONDITION AND PHOSPHORUS BALANCE EQUATION 
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Table U VARIATIOMS OF THE DEFECT CONCENTRATIONS AS A FUNCTION OF AND/OR PHOSPHORUS CONCENTRATIONS FOR 
VARIOUS APPROX INATIONS TO THE ELECTRONEUTRALITY CONDITION AND PHOSPHORUS BAUNCE EQUATION(Cont.) 
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B. Choice of a Defect Model 

Caied on the fact that P belongs to group V, Hg to group II and Te to 
group VI, a number of different phosphorus species can be expected depending on 
the type of lattice sites occupied. These are: 


I II I I I I I 


Interstitial ly 

... P, 

(Acceptors) 

Substitutional ly 
(occupying Hg lattice site) 

*’Hg’ % % 

(Donors) 

Substitutional ly 
(occupying Te lattice site) 


(Acceptors) 

P.ir.; - >) (P,PHg)'. (^'*Hg 

)'• (^'’Hg>■ 



C’Hg'’Te)’‘- ("HgV" 

The data shown in Figures 3 through 6 indicate that the hole mobility 
values obtained in the phosphorus doped samples are comparable to those in the 
undoped samples for similar partial pressures of Hg and temperatures of anneal- 
ing even though at high Hg pressures, the hole concentrations in the phosphorus 
doped samples are higher than in the undoped samples. This inference already 
precludes the possibility of the presence of multiply electrically charged 
phosphorus species In large concentrations since such species can be expected 
to behave as much stronger scattering centers than the singly charged species. 
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thus causing the hole mobility In the phosphorus doped samples to be consider- 
ably lower than the hole mobility In the undoped samples contrary to the 
experimental results. The species of Interest are reduced to 


^1* ^Hg* ’^Te’ ’ ^Vhg^ » ^^Te^ • ^^1%^*’ 


(PHgPTe)^* The fact that the hole concentrations obtained In the phos- 

phorus doped samples are much lower than the total phosphorus concentration In 
the samples (10^^ cm”^) Indicates that most of the phosphorus Is present as 
neutral species In the form of (Pl^Hg)’'* (^Hg^Hg)* or 

(PhgPTe)^* It Is also to be noted that the hole concentrations obtained 

In the phosphorus doped samples (Figures 2 through 6) are smaller than the 
Intrinsic carrier concentrations to be expected at the temperatures of anneal 
reported here [4], 


The choice of a defect model Is reduced to: 

(1) [e* ] - [h*l . f (p^) and l(PHgPTe^*^ * tPyo^^e] 

(2) [e' ] - [h’l - i (p^) and [(Pho%)’'] * [Pjot^ 

and (3) [e' ] » [h*] » A^* / (p^) and ((P^Png)*! ' (P 

The expected power dependences of the various defects on the partial pressure 
of Hq for the above defect model situations are listed In Table ii. Models 1 
and 2 for which (PTot/2l “ [(PHgPTe)* 1 O'* [(PHgVHg)* V 2 predict 

much stronger dependences of [Pj^l on pHg and the search did not result in 
a consistent set of mass action constants for the Incorporation 0 ' th^ various 
phosphorus species which could explain the experimental results of Fiv'jures 3 
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through 6. The third defect model for »d>1ch |e' ] ■ [h*] * f(PHg) 

and [(PiPHg)*] * [^Tot ]/2 successfully explains the experimental re- 
sults of Figures 3 through 6; for such a situation it can be deduced from the 
mass action relations of Table i that 


^’’i ^ “ *’Hg ^ • ^^Hg ^ “ % 




^ “ 'Hg ^ 


and [(PHgVHg)*] ® These exponents are listed in Table ll. 

It should be mentioned here that although our initial considerations for the 
electrically active phosphorus species were restricted to the simple species, 

, PHg and Pje, it was Immediately realised that the experimental 
results warranted the introduction of the species (PHgVHg)' ^nd 

(PHgVHg)* also. 


The pairs (PHgVHg)* are formed from the association of the species 
PHg**’ whereas Png and Vhq make up the pairs (PHgVHg)'- 

The explanation for the presence of appreciable concentrations of 

(PHgVHg)* without the presence of large concentrations of isolated 

PHg*** in the fact that the donor energy level of the Png 

species (which upon ionization gives PHg***) may lie outside the forbidden 
gap (in the valence band) and pairing may bring its level to within the gap 
[l3]. Examples of such level variations upon pairing have been found by us 
earlier for Cds: Ag[l4] and Si: Se [iS], 
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c. DEFECT MODEL CALCULATIONS AND COMPARISON WITH 
EXPERIMENTAL RESULTS 


In this section we examine the validity of the proposed defect model 
for phosphorus doped Hgo. 8 Cdo. 2 Te from a comparison of the electrical data 
with those one calculates from the defect model. Although the defect mode! 
arrived at In the previous section took Into consideration the mobility data 
also. It will become apparent from discussions In this section that the agree- 
ment between the experimental values and calculations (based on the defect 
model) Is better for carrier concentration than for hole mobilities. 


c. 1 Analysis of the Carrier Concentration 


According to the defect model deduced In the previous section, the 
phosphorus species of Interest are p'-j , PHg, p'le * (PHgVHg) 't 
(PHgVHg)* and (PiPHg)** 


The complete electroneutral Ity condition Is written as: 



Expressing all the species In terms of [h*], p^^^ and [(PiPHg)*] via 
the mass action relations listed In Table 1, we get: 

Tiin '^p (PIPHg)* ^ ^ 


1/2 


PHg'^^ l(P^ 


1/2 
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* (SS)' 

, <p (•'‘I [(?,%)* 

[h ] - JHg ^ 

m 




The phosphorus balance equation is written as: 


- (2) 


- (3) 


The 

and 


concentrations of the species P^', PTe' , 
(^Hg^Hg)* are respectively given by the III, IV, V, 


(PHgVHg) . ^Hg 
VII and VI II terms 


of equation (2). 


The concentration of holes obtained in the crystals cooled to 77 K is 

given by: . • i 

P(77 K) . (P,l . [P^^ 1 * [(P„gV^) 1 . 2 (V^l 

- IfHgV'l -■ W 

(The assumption made here is that the electrons and holes recombine during 
quenching and only the atomic defects are frozen in [8-9].) 
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The concentrations [Pi'j, [PTe'l» [(^Hg^Hg) ^ ^'^Hgl* 

[PHg] and [(PHgVKg)*] In equation 4 ^re respectively given by the III, 
IV, V, II, VII and VIII terms of equation (2). 

Of the mass action constants , KvHq« *^PHg* ^Ple’ 

‘^P(PHgV'n^)' *^(PHgVHg)‘. I^VHg «»*e known from 

earlier work on the undoped crystals [4] and are give" by: 

« 9.16 X 10“° exp (-0.57 eV/^y)cm”^ - (5) 

and 

« 1.58 X 10°’ exp (-2.24 eV/^^)cm ’ atm - (6) 



With the knowledge o* tho constants and Kyug and (Plot 1 * lO ^’cm“ 
a procedure of trial and error was used to arrive at the vah’^s of the other 
mass action constants such that a solution to equations 2 ana 3 yielded hole 
concentrations at 77 K (using equation 4) which agreed best with the 
experimentally observed values; the cor.centn <ons of all the defects present 
in the crystal are also immediately obtalnea .'.om the various terms in equation 
(2). The hole concentrations calculated from the defect model are shown In 
Figures 3 through 6 as solid lines; the agreement between the calculation id 
the experimental values appears satisfactory partlcula.ly at 450 C and 5bv w. 
The agreement Is not as good at 550 C and 600 C probably due to quenching 
Inefficiency [4] at the higher temperatures. The calculated de^f^ct Isotherms 
for various annealing temperatures are showri In Figures 7 10. The 
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Figure 7. Calculated Concentrations of [e'l. , [vllnl, fFi'l, 

[>•]. [PHg]. [(PHgVHg)*!- [(PHgVHg)' 

,(PiPhq)^J as a Function of the Partial Pressure of 

Ig ''t 450°C; • '.e expected hole concentration in the crystal! 


b:03-01 


cooled to 77 K is indicated as a dashed line along with the 
experin»ental results. 
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Figure 8. Calculated 


Calculated Concentrations of fe'], [h»], \^n]* [Pi'l. 

[PTe'l. ISl- 

[(Pi^Hg)*] a Function of the Partial Pressure of 
Hg at 500*C; the expected hole concentration in the crystals 
cooled to 77 K Is Inoicated as a dashed line along with the 
experimental results. 
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Calculated Concentrations of [e'l, [h* , [vllo], [Pi'l, 

Pfe']* [PHg]* [(PHgVHg)*]. [\PHqVHq)' and 
(P^pHg)*] as a Function of the Partial Pressure of 
ig at 550'’C; the expected hole concentration in the crystals 
cooled to 77 K is indicated as a dashed line along with che 
experimental results. 
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Figure 10. 



Hg at 600*C; the expected hole concentration in the crystals 
cooled to 77 K Is indicated as a darhed line along with the 
experimental results. 
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defect Isotherms show the concentration of the electrons, holes and the various 
phosphorus defect species as a function of the partial pressure of Hg. The 
calculated hole concentrations expected at 77 K along with the experimental 
values are also Indicated in the figures. It Is apparent from the defect 
isotherms that the crystal is essentially intrinsic at the annealing tempera- 
ture except at Hq pressures close to Hg saturated or Te saturated conditions 
indicated by the phase boundary limits in the figures. It should also be noted 
that most of the phosphorus is present as neutral (Pi^Hg)* almost 
throughout the existence rerion of the crystal except at Hg pressures close to 
the Hg saturation and Te saturation conditions where the electrically active 
phosphorus species become significant in concentration. The calculated hole 

concentrations at 77 K are extremely sensitive to the value of the total 
phosphorus concentration in the crystals at the lowest Hg pressures where the 
crystals are very closely compensated (Figures 7 through 10) and the hole 
concentration in the cooled crystals is much smaller than the concentration of 
the electrically active native as well as phosphorus defects. 


The mass action constants for the incorporation of the various phos- 


phorus species resulting from the present work are listed in Table III. 
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C.2. Coulotnbic Values for the Pairing Constants *^P(PvHg^* 




o 

The pairing constant is given by Kp = Kp exp (-Hp/KT). 
Coulombic value for the enthalpy of pairing is given by 


Tht 


H = 
P 


-Z iZ 2Q' 
cr 


[ref. 13] 


(7) 


Where Zi and I 2 refer to the charges of the two species comprising the pair, 
and r to the distance between them. 


Not ng that r„ „ = 3.23 A and 


Hq" Hg 


= 4.5 A 


and Hp.p w \' = -0.36 ev 


while analyzing the Hall effect data, the constants Kp{P.P^. )x and 

1 Hg 

„ ,, were chosen s^ch that their temperature dependences were 
P(PHgVSg) 

close to the above coulombic values (Table ill). The preexponent or the entropy 
term (Kp) is expected to be " 4.0 [13]. However, as can be noted from Table 
iij, the preexponents needed to explain the experimental results are much larger 
than 4 particularly for •^P(PiPj^)*. 
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It Is known from the results of previous work [4] that Ionized Impur- 
ity scattering contributes to the mobility of holes at 77 K In 
H 90 .sCdo. 2 Te. Similar to the procedures used previously, [4] we have 
undertaken to calculate the hole mobility due to Ionized Impurity scattering 
which is then used to calculate the overall mobi’Uy by reciprocally combining 
the mobility due to lattice scattering with the mobility due to Ionized 
impurity scattering. The number of Ionized impurity scattering center‘d 
obtained at different Hg pressures for different temperatures of anneal as 
calculated from the defect model Is shown In Figures 7 through 10. 

For a non-degenerate semiconductor with parabolic bands the mobility 
due to ionized Impurity scattering as given by the Brooks Herring Expression is 

Pj . 2^/2 ^ -3/2 |log^{Ub) 

where b = ^4 (mVm^) 


and p * p + (N^ - Np - p) (p + Np)/N^ (9) 

In the ab^ expressions, k Is the Boltzmann's constant, T Is the 
temprature, e© the free space permittivity, Cj Is the static dielectric 
constant, mg is the free electron mass, (m*/nK>) Is the effective mass ratio 
for holes, Nj Is the mwiber of scattering centers given by the total number 
of Ionized donors and acceptors, e is the electronic charge and 11 is the 
planck's constant. 
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with T = 77 K, (m*/njo) (holes) ■ 0.7 [16] Cj ■ 17.5 [16] the expression for 
the fflcblllty due to Ionized Impurity scattering becomes 


Uj = 10 




and b = \05 X lO^Vp’ 


for undoped crystals N, = 
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4 'V 1 


for phosphorus doped crystals 


", - f^l * * K,1 * * 4 [v;^] 


The multiplying factor of 4 for the species VHg arises in expressions 12 and 
13 for Nj since these centers are doubly charged (z=2) and hence four timas 
as strong In scattering as the singly charged renters. Since the defects are 
completely Ionized at 77 K in both the undoped crystals and the phosphoi is 
doped crystals (Figure 1) 


p' = p (77 K) = 2 [V“ ] (anneal temperature) for the undoped crystals 

”9 

and p' . p (77 1C) . [P,'] * [P^j . C(P„ 5 »„g)']* 2 [V - [P^^l - [(P„gV^)-] 
for the phosphorus doped crystals. 
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From the values of p (77 K) for the phosphorus doped crystals and the 
concentrations of all the defects as a function of the partial pressure of Hg 
as given by the defect Isotherms of Figures 7 through 10, the hole mobility due 
to Ionized Impurity scattering was calculated by reciprocally adding the lat- 
tice mobility and the mobility due to Ionized impurity scattering. From the 
results on undoped crystals, the hole mobility due to lattice scattering was 
assumed to be - 700 cm^/vsec at 77 K for Hg 0 .flCd 0 . 2 Te [4], The results 

are shown In Figures 11 through 14 where calculated hole mobility Is shown as a 
function of the partial pressure of Hg for various temperatures of anneal; the 
experimentally measured hole mobilities are also shown In the figures. From 
the figures. It Is apparent that the trend In the variation of the calculated 
hole mobility as a function of the partial pressure of Hg agrees with the 
experimental results for the phosphorus doped ciystals as well as the undoped 
crystals. The calculated values for the phosphorus doped crystals decrease 
•drastically at the lowest Hg pressures since the total number of charged 
defects Increases rather strongly under Hg deficient conditions (Figures 7 
through 10); In addition, the expected hole concentrations at these low Hg 
pressures are much lower than for the undoped crystals particularly at 450‘*C 
and 500’C. The reduced screening (due to the lew hole concentrations) of the 
coulombic field of the Ionized scattering centers along with the rathar high 
concentration of charged defects explains the drastic decrease of the calcu- 
lated hole mobility at the lowest Hg pressures. However, the experimental hole 
mobilities are larger than the calculated values at the lowest Hg pressures. 
Thfr discrepancy can be qualitatively explained by assuming that a fraction of 
the~ charged phosphorus defects precipitates during cooling. Hore sophisticated 
calculations are needed to explain the results better. 
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PARTIAL PRESSURE OF Hb, ATMOSPHERE 


Figure 11. Calculated Hole Mobility at 77 K as a Function of the 
Partial Pressure of Hg for Phosphorus Doped (lO^’cm"^) 

Hgo Samples Quenched to Room Temperature ter 

Equ^libration at 450®C; calculation for the und,f^ed crystals 
after equilibration at 460®C is also shown along with the 
experimental values for both the doped and the undoped 
crystals. 
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Figure 12. Calculated Hole HoUlity at 77 K as a Function of the 
Partial Pressure of Hg for Phosphorus Doped (lO^^cm"^) 
and Undoped Kgo. 8 Cdo. 2 Te Crystals Quenched to Room 
Temperature After Equilibration at S00**C: experimental 
values are also shown for comparison. 
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Figure 13. Calculated Hole Mobility at 77 K as a Fun'-tion of the 
Partial Pressure of Hg for Phosphorus Doped (lO^'^cm"^) 
and Undoped Hgo^gCdo^ 2 ^® Crystals (Xienched to Room 
Temperature After Equi'tibratio'. at 550®C; experimental 
values are also shown for comparison. 
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Figure 14. Calcui^'v-ed Hole HoDrii”v at 77 !< as n Function pf the 
Part^ l Pressure oF Hg for Phosoiiorus Doped (10* 
and Undoped Hgo.gCdo^a^® CrystaiiJ QueriChed to Room 
Temperature After ^ "tilibr'tion at 6CD*C; experimental 
values are also shown for comparison, 
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D. Comparison with the Defect Sf te In Phosphorus Doped CdTe 

The defect model established In the present work for phosphorus doped 
.^Tt‘ ts vorv stmll.-ir lt» the one estnhllnhed for phosphorus dopitl rdTi- 
. [ij. In botli HgQ gCd^ 2 ”^e and CdTe, phosphorus occupies interstitial and IV 
lattices act-( '>3 as an acceptor while it acts as a donor occupying metal lattice 
sires. The difference however is that isolated phosphorus donor species are 
found to be triply ionized in CdTe [ij whereas in Hgjj gCd^ it is found to 
be present only in the singly ionized state. Considering that the band gap of 
Hgp gCdg 2 ^® only 0.1 eV compared with the value of 1.6 eV for CdTe it is 
understandable that the energy levels of the doubly and triply ionized states 
of the p'losphorus donor species could lie below the valance band edge in 
Hg^ gCd^ 2 ^^ whereas they lie within the gap in CdTe. In both llg^ g^‘^0 2*^ 

CdTe a large concentration of phosphorus is found to be present as neutral 

X X 

pairs ^^Cd**i^ respectively. At low Hg pressures a considerable 

fraction of phosphorus is found to be present as (P„ V„ ) ' and (P„ V„ ) ' in 
(Hgp gCd^ jlTfc whereas similar species ^^Cd\d^ 

reported for Co 'e [ 1 ^. 
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Phosphorus doped Hgo,aCdo. 2 Te single crystals were annealed at 
450”C to 600“C in different partial pressures of Hg. Hall effect Measurements 
were Made on crystals quenched to room teMperature after the anneals. The 
results are explained on the b<is1s of a defect Model In which phosphorus 
behaves anphoterically acting as a single acceptor in interstitial sites at 
high Hg pressures and occupying Te lattice sites (P| and Pje) and as a 
single donor occupying Hg lattice sites (PHg). Host of the phosphorous 
appears to be present as neutral pairs (PiPHg)^ Moderate Hg pressures 
while a considerable fraction also exists paired with the native acceptor 
defects (PHgVHg)' «<1 (PHg'^Hg)* pressures. Equilibriun 

constants for the incorporation of the various phosphorous species have been 


QUAUtY 


evaluated. 
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SECTION 4 
SUMMARY 


Single crystal samples of undoped and doped Hg^.^CUxTe were 
annealed at varying temperatures and partial pressures of Hg. Hall effect and 
mobility measurements were carried out on these samples after quenching to room 
temperature. Based on the variation of the carrier concentration and the 
carrier mobility as a function of the partial pressure of Hg, temperature and 
dopant concentration, defect models have been established for the doped and the 
undoped crystals. These models indicate that the native acceptor defects in 
both Hgo.sCdo.^Te and Hgo^6Cdu.4Te are doubly ionized and the native 
donor defects are negligible in concentration, implying that p to n conversion 
in these alloys occurs due only to residual donors. Incorporation mechanisms 
of copper, indium, iodine and phosphorus have been investigated. Copper and 
indium appear to occupy only Hg lattice sites acting as single acceptor and 
single donor respectively, whereas iodine is found to act as a single donor 
occupying only Te lattice sites. A large concentration of indium is found to 
be incorporated as In2Te3 with only a small fraction acting ‘ donors. In 
crystals doped with iodine a large fraction of iodine is found to be paired 
with the native acceptor defects. Results on crystals doped with phosphorus 
indicate that phosphorus behaves amphoterical ly acting as a donor on Hg lattice 
sites and as an acceptor interstitially on Te lattice sites. A majority of the 
phosphorus is found to be present as neutral species formed from the pairing 
reaction between phosphorus on Hg lattice sites and phosphorus in interstitial 
sites. Equilibrium constants for the intrinsic excitation reaction as well as 
for the incorporation of the different dopants and the native acceptor defects 
have all been established. These constants satisfactorily explain all the 
experimental results in the undoped as well as the doped crystals. 

As a result of the work performed on this program, it is possible to 
predict the nature and concentration of defects obtained in Hgi.^CdxTe 
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compounds as a function of the annealing temperature, partial pressure of Hg 
and dopant concentration. It Is now possible to vary the concentration of 
defects control lably as a function of the crystal preparation conditions and In 
turn correlate the physical characteristics such as carrier lifetime and 
carrier concentrations with defect centers In the crystals. 
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